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Abstract
The first reported dye-sensitized solar cells (DSSCs) known as photoanode dye-sensitized solar
cells (n-DSSCs) or Grätzel cells operate via exciting dye electrons and electron injection
through an n-type semiconductor (TiO2). The next generation of DSSCs including p-DSSC
(photocathode DSSCs) and pn-DSSCs (tandem DSSCs) were designed to boost photovoltaic
performance, efficiency and open circuit voltage (VOC) of DSSCs [1,2].
This thesis concerned a strategy to improve the open circuit voltage (VOC) of p-type dyesensitized solar cells (p-DSSCs), with a focus on designing novel p-type semiconductors to use
instead of NiO (as the most common and popular p-type semiconductor using in p-DSSCs and
pn-DSSCs). To achieve this target, copper-based oxides (particularly those with delafossite
structures) are attractive choice, because these semiconductors tend to provide reasonable
transparency and hole mobility due to their own large band gap and specific orbital
configuration of Cu+ respectively. In terms of getting higher VOC in p-DSSCs, a suitable
valence band edge for semiconductor part can be considered as deep as possible, but not deeper
than the HOMO level of sensitizer (dye), to create a driving force for charge transfer between
a photoexcited dye and VB of semiconductor.
In order to narrow down the many possible candidate materials (CuMO2), the band structure
computation of different semiconductors with CuMO2 (M: metallic element) structure was
done based on density functional theory (DFT), and five semiconductors were synthesized. In
order to semiconductor synthesis, CuMnO2 was synthesized via hydrothermal method; CuInO2
was obtained by ions exchange method; and Cu3Mn3O8, Cu2NiMn3O8, and CuO-NiO
nanocomposite were synthesized by sol-gel approach. Also P1 and PMI-6T-TPA were used as
sensitizers because of their suitable absorption range (matched with the wavelength range that
radiation intensity of sunlight is maximum) in our p-DSSCs devices. And because they have
been demonstrated in the literature to be good dyes for p-DSSCs.
The photovoltaic characterization measurements revealed that p-DSSC devices with [CuONiO nanocomposite + P1] and [Cu3Mn3O8 + P1] photocathode electrodes showed maximum
VOC of 160 and 120 mV respectively, while for devices with [commercial NiO + P1]
photocathode electrode, the highest recorded VOC was 110 mV.
On the other hand, PMI-6T-TPA improved photovoltaic performance of all p-DSSCs devices,
where devices which their photocathode electrodes consisted commercial NiO along with this
ii

dye showed maximum VOC of 330 mV. Using CuO-NiO nanocomposite and CuInO2
semiconductors instead of commercial NiO resulted in maximum VOC of 360 mV in these
devices.
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1. CHAPTER 1: Introduction
The earth’s surface receives approximately 120,000 terawatts from the sun, which is 6000 times
more than the rate of world’s energy consumption. However, this huge amount of energy
irradiates to the earth while human being is facing with energy crisis. Unfortunately, despite
this abundance, less than 0.5% of global energy demand is provided by solar technology [3].
In addition, looking for a solution to deal with global warming and the climate change crisis
provides a strong motivation to more attention to renewable and green energies instead of
consumption of fossil fuels. [4]
As mentioned the human power requirements are a tiny fraction of the sun light energy which
covers the earth’s surface. Australia is known as a country which receives some of the highest
levels of sunlight compare to any other county in the world. The amount of sunlight is much
higher that even with low efficiency solar cells, all the required power of the country can be
provided by sunlight. Figure 1-1 shows solar map of Australia. According to the map, the
sunlight which radiates to a small fraction of the country (red dot) can provide required energy
to produce all of Australia’s electricity; and surprisingly, the entire world’s electricity can be
produced by sunlight which covers the large green circle. [2,5]

Figure 1-1: Solar map of Australia (taken from ABC Australia Website [5])

So based on what was discussed, it is a logical approach to use solar energy instead of
traditional energy sources such as fossil fuels. However, the most important challenge to use
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solar energy is making solar cells which enjoy low cost, high efficiency and reasonable
stability. [4]
Since 1954 when the first silicon photovoltaic (PV) cell was invented by Daryl Chapin, Calvin
Fuller, and Gerald Pearson at Bell Labs with 6% efficiency, evolution of photovoltaic
technology has been continuing till today [4,6]. The modern version of a dye solar cells
(DSSCs) which are known as Grätzel cells was invented by Michael Grätzel and Brian O'Regan
with 7% efficiency in 1991[7]. These days the highest efficiency reported for DSSCs is 14.3
% (Kakiage K., et al (2015)) [8]; and the highest record of solar cell efficiency is reported
47.1% (National Renewable Energy Laboratory (NREL)) [9]. Figure 1-2 represents evolution
and improvement of conversion efficiencies of various photovoltaic technologies made in
different labs around the world from 1976 to 2019 [9].

Figure 1-2: Conversion efficiencies of the best solar cells made in different labs around the world from 1976
through 2019 for various photovoltaic technologies (taken from [9])

1.1. Thesis Motivation
DSSC technology can be considered as an alternative to p-n junction photovoltaic devices due
to its several interesting features and vantages such as being semiflexible, semitransparent,
using abundant and cheap materials, highly customisable and a simple manufacturing process.
Also dyes used in the structure of these devices provide capability of absorption of different
and wide range of wavelengths. In addition, device voltages can be controlled by redox
mediators and semiconductors type. [1,4]
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Furthermore, as another attractiveness of DSSCs, it can be mentioned that DSSCs can work
even in low-light conditions (cloudy skies or non-direct sunlight), whereas limitation of
illumination and angle of incident light are not critical issues because of using nanocrystalline
semiconductors in this technology [3]. However, the major disadvantages of DSSC technology
are stability problems due to instability of liquid electrolyte at high temperatures, and lower
electric conversion efficiency compare to many other photovoltaic technologies [10].
The first generation of DSSCs (1991) known as Grätzel cells operates as a photoanode (nDSSC) via exciting dye electrons and electron injection through an n-type semiconductor
(TiO2). Several years later (in 1999 and 2000), p-DSSC (photocathode DSSC) and pn-DSSC
(tandem DSSC) were designed [11]. Generally, p-DSCs operate in an inverse mode compared
to the n-DSSC, where charge transition is done via hole injection through a p-type
semiconductor. [1,2]
The development of a tandem DSSC (pn-DSSC), incorporating a photocathode (p-DSSC) and
a photoanode (n-DSSC) in one device, is an approach to achieve collecting more light, higher
open circuit voltage (VOC) and finally improving efficiency of solar cell via overcoming
thermodynamic limits of single-junction devices. Efficiency of conventional silicon devices
which have been dominating solar cell market is limited to about 30 % (with a bandgap of 1.12
eV and ideal situation) by the Shockley–Queisser (SQ) thermodynamic limit [12] as singlejunction technology. Charge separation (which happens in the same material by means of an
internal electric field (p-n junction)), recombination rate, and bandgap of the semiconductor
are the challenges which limit efficiency of single-junction solar cells. [3,12]
Tandem and multi-junction PV devices with multiple layers opened new horizons before solar
cell technology by overcoming SQ limit. Theoretically, tandem DSSCs can surpass Shockley–
Queisser thermodynamic limit (theoretically ≥ 43% as efficiency) by rising the spectral
response of the device without sacrificing photovoltage, although there is long way to go. [3]
The maximum open circuit voltage (VOC) produced by tandem DSSCs can be determined by
sum of the two half cells (under illumination), and on the other side, the current density is
limited to that of the weaker electrode [13]. Unfortunately, the maximum photo-conversion
efficiency obtained by p-DSSCs is 2.51 % (using Tris(acetylacetonato)iron(III)/(II) redox
mediator) [14], which in turn limits the efficiency of tandem cell extremely. Increase the VOC
of a p-DSSC by changing the redox mediator will not help the n-DSSC side, and therefore
replacing the p-type semiconductor is the better strategy. Hence improving p-type
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semiconductor in p-DSSCs leads to improve open circuit voltage (VOC), current density, and
photo-conversion efficiency of tandem dye sensitized solar cells. [15]

1.2. Aim of the research
The purpose of the current research is designing new copper-based oxide semiconductors as
photocathodes in p-DSSCs for improving Voc in comparison to that of NiO as the most popular
p-type semiconductor used in p-DSSCs and pn-DSSCs. Cu-based oxides are attractive to
researchers working on p-DSSCs, because copper-based oxides (particularly with delafossite
structure) provide reasonable transparency and hole mobility due to their own large band gap
and specific orbital configuration of Cu+ respectively.
In terms of getting higher VOC perspective (in p-DSSCs), a suitable valence band edge for
semiconductor part can be considered as deep as possible, but not deeper than HOMO levels
of the sensitizer (dye), to exist charge injection driving force between a photoexcited dye and
VB of semiconductor. In the current research, P1 and PMI-6T-TPA were used as sensitizers
because of their suitable absorption range (matched with the wavelength range that radiation
intensity of sunlight is maximum) in our p-DSSCs devices. Figure 1-3 compares solar spectrum
of sunlight with absorbance spectrum of dye P1 schematically.

Figure 1-3: Solar spectrum of sunlight (above), and absorbance spectrum of dye P1 (below) (taken from
[16,17]).
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Figure 1-4 Summarizes the experimental methodology and steps to reach the final target of this
research. These steps include (a) the band structure computation of semiconductors, (b)
synthesis of semiconductors, (c) the characterization of synthesized semiconductors, (d) pDSSC devices fabrication, and finally (e) characterization of photovoltaic performance of the
fabricated p-DSSC devices.

• Computation of band structure of CuMO2 family

Semiconductors
Modeling

•
•
•
Semiconductors •
Synthesis
•

CuMnO2 synthesized by Hydrothermal method
CuInO2 synthesized by ion exchange method
CuO-NiO nanocomposite synthesized by sol-gel method
Cu3Mn3O8 synthesized by sol-gel method
Cu2NiMn3O8 synthesized by sol-gel method

• Phase analysis, crystallographic analysis, and crystal size
determination by powder X-ray diffraction (XRD)
• Morphology studies by Scanning Electron Microscopy (SEM)
• Films thickness measurements by profilometry
Semiconductors • Optical absorption of semiconductor films, and adsorbed dye on the
Characterization
film by UV-Vis Spectroscopy
• Band gap (Eg) determination by UV-Vis Spectroscopy
• Valence band edge determination by Spectroelectrochemistry (SEC)

Devices
Fabrication

p-DSSC Devices
Characterization

• Description of p-DSSC devices fabrication

• Power Conversion Efficiency (PCE)
• Incident Photon to Current Conversion Efficiency (IPCE)

Figure 1-4: Summary of experimental works.
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2. CHAPTER 2: Theoretical Background and Literature Review
2.1. Electrochemistry and Photoelectrochemistry of Semiconductors
The major role of a semiconductor in DSSCs is charge carrier transportation. Generally, a
sensitizer (dye) anchored to the surface of semiconductor absorbs the light and then after
electron excitation, charge separation is done at the interface from the dye (sensitizer) molecule
into the conduction band (in n-DSSCs) or valence band (in p-DSSCs) of the semiconductor.
Also band edge energies of the semiconductor affect significantly on the functional and
characteristic properties of DSSC device [4]. What follows is a description of fundamental
concepts related to the electrochemistry and photoelectrochemistry of semiconductors.

2.1.1. Electrochemistry of Semiconductors
The terms including conduction band (CB), valence band (VB) and band gap (Eg) are the most
important concepts to study electronic properties and behaviour of materials. The range of
allowed energy levels which are the highest energies that an electron can have and still is
associated with atom of a solid material can be defined as valence band (VB). The valence
band electrons can be delocalized, moving into the conduction band (CB), the next allowed
energy level in crystal, when excited. The differential of these two energy levels is known as
band gap or Eg. Position of these energy levels in materials determines electrical conductivity
behaviour and characteristic of materials. [16]
Based on these energy bands, materials are classified into three groups including metals,
semiconductors, and insulators. According to Figure 2-1, conductive or metallic materials have
overlap of the conduction band and valence bands. In these materials band gap cannot be
identified, which is why electrical conductivity in these materials is strong. Insulators or
nonconductive materials have a wide bandgap (more than 5.0 eV), that makes them
nonconductive for electricity. In these materials, all electrons are located in valence band region
close to the atomic nuclei, so they show negligible or no conductance.
The last group are known as semiconductors characterized by a medium order band gap in the
range of up to ~ 4 eV. Although semiconductors are nonconductive, they can transfer electricity
in the present of an energy source. If an electron is promoted from the valence band to
conduction band (it needs an energy more than Eg of the material), a hole (lack of electron)
will be created in the valence band, and then in case of applying an electric field, both of these
carriers (electrons and holes) can flow. [16]
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Figure 2-1: Classification of materials based on band edges. (taken from [18])

As mentioned, the minimum energy of a photon required to excite an electron from the VB to
the CB is equal to the band gap in each material. Figure 4 shows different electron transitions
(excitation) in a semiconductor regarding energy of radiated photon. Just the photons with
enough energy can promote electrons across the bandgap (green). The photons which have
higher energy promote electrons to the valence band but result in substantial energy losses. [2]

Figure 2-2: Electron transitions in a semiconductor. (taken from [2])

Planck–Einstein relation (Equation 3) describes energy of each photon in terms of the photon's
frequency according to following equations:
𝐸 = ℎ. 𝜈

(1)

𝑐 = 𝜈. 𝜆

(2)

so:
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𝐸=

ℎ𝑐
𝜆

(3)

where h = 6.626 × 10−34 J s is known as Planck constant, c is speed of light (299 792 458 m/s),
λ is wavelength and ν is frequency.
So it can be simplified to
𝐸(𝑒𝑉) =

1240
𝜆(𝑛𝑚)

(4)

It is the base of band gap determination of semiconductors by optical spectroscopy method.
[2,19]
Optical band gaps are estimated by using plot of [(αhν)n] versus [hν (= E(eV)]; Where n = 0.5
(for direct band gap) and n = 2 (for indirect band gap), and α shows the absorption coefficient
of the semiconductor film. Figure 2-3 represents the logic of band gap determination by optical
spectroscopy method. [20]

Figure 2-3: The logic of band gap determination by optical spectroscopy method (taken from [20]).

According to the quantum mechanics and band structure theory, electrons are distributed in
different electronic states as functions of both energy and temperature in materials. At absolute
zero temperature (0 K), all the energy levels are filled up to a particular energy level known as
Fermi level (Ef) which is specific for each material. As Figure 2-4 shows, at temperatures
higher than 0 K, there is a probability to find electrons in energy levels higher and an equal
8

number of holes in energy levels lower than Fermi level. Always Fermi level is somewhere
between valence band and conduction band that half of the states are occupied. In a certain
temperature, the numbers of electrons and holes can be calculated by Fermi–Dirac statistics.
[16]

Figure 2-4: Distribution of electrons and holes in energy levels at different temperatures. (taken from [16])

A semiconductor in stoichiometric (non-defective) form is known as an intrinsic
semiconductor. In intrinsic semiconductors, the number of electrons in the conduction band is
equal to the number of holes in the valence band. Hence, the Fermi level is exactly half the way
between valence band and conduction band according to Figure 2-5 [16]

Figure 2-5: Fermi level, electrons and holes distribution in intrinsic semiconductor (taken from [16]).
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However, mostly crystal structure is not perfect, and semiconductors are not perfect or
stoichiometric. If doping an intrinsic semiconductor results in existing the greater number of
electrons (ne) than the number of holes (nh) in semiconductor lattice, n-type semiconductor
will be created, hence electrons will act as majority charge carriers (dominated carriers), and
holes will act as minority charge carriers. As Figure 2-6 shows, in n-type semiconductors Fermi
level is close to the bottom of conduction band due to the higher number of electrons in this
kind of semiconductors. [16]

Figure 2-6: n-type Semiconductor and Fermi level position (taken from [16]).

On the other hand, if number of holes (nh) is more than number of electrons (ne) in
semiconductor lattice, holes will act as majority charge carriers (dominated carriers), and
electrons will act as minority charge carriers, which makes p-type semiconductor. In the p-type
semiconductors Fermi level is close to the top of the valence band because number of holes is
higher (Figure 2-7). [14]

Figure 2-7: p-type Semiconductor and Fermi level position (taken from [16]).
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In case of light illuminating with an energy larger than the semiconductor bandgap, and
promoting electrons (from VB to CB), an increase in the conductivity of the semiconductor
will be observed. This phenomenon is called as photoconductivity. In intrinsic semiconductors,
the number of electrons and holes increase equally, however for n-type and p-type
semiconductors, there is a huge increase in the number of minority charge carriers and a
relatively negligible increase in the number of majority charge carriers. Hence photoexcitation
of n-type semiconductors results in a significant increase in nh and a small increase in ne, and
on the other hand the reverse happens for the p-doped semiconductor, where there is a larger
increase in the ne and a negligible increase in the nh. [16]
In case of contacting an n-type semiconductor with a metal (a conductive material), a contact
zone will be formed, which is known as Schottky barrier. In this phenomenon, electrons move
from the metal to the semiconductor, which results in negatively charged semiconductor
compare to the metal. This charge transfer keeps continue as long as reaching an equilibrium
state; it means the rate of electron transfer becomes equal in the both direction. In this stage,
Fermi level of both materials will be the same. At this moment, there is a space charge in the
contact zone, which leads to band bending (Figure 2-8a). [16]
On the other hand, reverse band-bending is the phenomenon observed due to contacting a ptype semiconductor and a metal (a conductive material) under illumination, where there is a
potential difference between the p-type semiconductor and the conductive material as the
charge carriers are transferred in opposite directions (Figure 2-8b). In case of applying an
external load in a closed circuit, a current will pass that strength of this current is proportional
to the light intensity. These kind of cells which are created by contacting between
semiconductors and metals are known as Schottky-type cells [16]

Figure 2-8: Band bending in (a) n-type semiconductor and metal contact; (b) p-type semiconductor and metal
contact (taken from [16])
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Also a contact zone will form by contacting a n-type and p-type semiconductor, which is known
as n-p barrier. Illumination of this n-p junction or n-p-type cells in an external circuit produces
a current proportional to the light intensity same as what was discussed in the previous section.
(Figure 2-9). [16]

Figure 2-9: Band bending in n-type semiconductor and p-type semiconductor contact (taken from [16]).

Now, imagine contacting between an n-type semiconductor and an electrolyte including a
redox couple (An+/An+1); Fermi level of the n-type semiconductor will be at a higher energy
compare to the redox potential of the redox couple (An+/An+1) according to Figure 2-10. By
contacting these two parts, system tries to reach an equilibrium by transferring electrons from
the semiconductor to the electrolyte (via a reduction reaction according to Equation 5), and
then Fermi energies of the both phases will become equal.
A(n+1) + e− → An+

(5)

Figure 2-10: n-Type semiconductor in contacting with redox couple in vacuum (taken from [16]).

As a result of the charge transfer, huge number of electrons release into electrolyte, which in
turn creates a negative counter-charge in the electrolyte. Also it leads to create a positive charge
12

on the semiconductor, hence a region will be formed on the surface of semiconductor with a
lower concentration of electrons compare to the bulk of the semiconductor. This region is
known as depletion layer or the space charge layer. In this layer an electric field exists that
changes the electrostatic potential (depended on distance from the surface). Band bending is a
potential difference between surface and bulk of the semiconductor (Figures 2-11 and 2-12).
[16]
Band bending = VS – VB

(6)

The width (W) of this depletion layer (the space charge layer) is obtained by:
1

2𝜀𝜀0 𝑉𝐵 2
𝑊 =(
)
𝑒𝑁𝐷

(7)

where e represents the elementary charge, ND shows the concentration of ionized donor atom,
ε is the dielectric constant of the semiconductor, and ε0 is considered as permittivity of free
space. Schottky-type junction is a common term to refer semiconductor–electrolyte interface
because it is too similar to metal–semiconductor interface. [16]

Figure 2-11: Depletion layer in n-type semiconductor/electrolyte system (taken from [16]).

In order to p-type semiconductors in contact with electrolyte, everything is reversed. As
discussed, Fermi level of p-type semiconductor is so close to the valence band; and so in case
of contacting with an electrolyte, the redox level of the redox couple is above of the Fermi level
of the p-type semiconductor (Figure 2-13). [16]
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Figure 2-12: n-Type semiconductor/electrolyte including a redox couple (taken from [16])

Figure 2-13: p-Type semiconductor/redox couple in vacuum (taken from [16]).

In this case, electrons of the electrolyte flow into the p-type semiconductor until to reach an
equilibrium state. Finally, what will be obtained at equilibrium is forming a negative space
charge layer and bending the energy level. In this system, energy level is higher in bulk
compare to the surface of semiconductor, which leads to form a positive counter-charge in the
electrolyte near to the semiconductor surface (Figure 2-14). [16]

Figure 2-14: Space charge layer in a p-type semiconductor/electrolyte system (taken from [16]).
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Width of the depletion layer is similar to what was discussed for n-type semiconductors, just
NA is replaced instead of NB to show the concentration of ionized accepter ions (Figure 2-15).
1

2𝜀𝜀0 𝑉𝐵 2
𝑊 =(
)
𝑒𝑁𝐴

(8)

The potential of the semiconductor is defined based on the position of the Fermi level with
some reference level of the solution (normally H2/H+ level). The Fermi level of the
semiconductor will be varied relative to the reference level via applying external potential to
the semiconductor electrode. Hence band bending can be changed. Whenever the potential of
surface and the bulk potential of semiconductor become equal (VS = VB), there is no field in
the semiconductor; and then the potential will be known as flat-band potential (Vfb). [16]

Figure 2-15: p-Type semiconductor/electrolyte with a redox couple (taken from [16]).

Flat-band potential is of paramount importance to determine the position of the conduction
band (CB) of the n-type semiconductors and valence band (VB) of the p-type semiconductors.
Mott–Schottky equation is used for determining the flat-band potential by calculating the
differential capacitance (Cdl) of the depletion layer as a function of the potential of the
semiconductor electrode according to following equation:
−2
𝐶𝑑𝑙
= (2𝜀𝜀0 𝑒𝑁𝐷 ) (𝑉 − 𝑉𝑓𝑏 −

𝑘𝑇
)
𝑒

where T is the temperature, and k is symbol of the Boltzmann constant. A plot of

(9)
1
2
𝐶𝑑𝑙

against

potential (V) of the semiconductor results in a line which cuts the potential axis close to the
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flat-band potential; and also the concentration of doping ions determines the slope of this line.
[16]

2.1.2. Photoelectrochemistry and Spectroelectrochemistry of Semiconductors
In case of considering a semiconductor in contact with an electrolyte and under illumination,
if energy of light (photons) is equal or higher than band gap of the semiconductor, consequently
excitation of electrons from the valence band to the conduction band will occur by photon
absorption. This phenomenon leads to create electron–hole pairs. This electron–hole pair has
tendency to recombine, so separation into a free hole and a free electron in required. This
separation happens by an effective electric field in space charge layer. The major carries
(electrons in n-type and holes in p-type) pass through the bulk of the semiconductor and
minority carries are driven to the surface of semiconductor. In case excitation happen in the
region behind the depletion layer, if the holes do not diffuse away into the depletion layer, the
electron–hole pairs will recombine. [16]
After excitation under illumination and creation holes, a photopotential (Vphp) is produced in
the semiconductor that changes the band bending. Consequently, Fermi level change toward
its flat-band position (Vfb) (according to Figure 2-16). [16]

Figure 2-16: Effect on the band bending and Fermi level on excitation of n-type semiconductor/electrolyte
system (taken from [16]).

Equation 10 represents photopotential (VPhP) as:
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𝑉𝑝ℎ𝑝 = −

(𝐸𝐹∗ − 𝐸𝐹 )
∆𝐸𝐹∗
=−
𝑒
𝑒

(10)

were EF shows Fermi level at equilibrium, and 𝐸𝐹∗ is Fermi level under illumination. Also
photopotential has relationship with light intensity (I) via:
𝑉𝑝ℎ𝑝 ~ (

𝑘𝑇
) ln(𝐼)
𝑒

(11)

and also
𝐸𝐹∗ (max)
= −𝑉𝑓𝑏 − 4.5𝑉
𝑒

(12)

so the maximum photovoltage will be obtained by
𝑚𝑎𝑥
𝑉𝑝ℎ𝑝
= −𝑉𝑓𝑏 − 4.5𝑉

(13)

Spectroelectrochemistry (SEC) is combination of electrochemical and optical process
simultaneously. Combining electrical and optical response of semiconductor provides
information for estimation of band edges and electronic structure of semiconductors.
Spectroelectrochemistry records spectral changes during different redox processes happening
on semiconductor electrodes. In this method, flat-band potential of semiconductor can be
calculated from the optical absorbance changes of semiconductor film as function of different
potentials in an electrochemical cell setup as Figure 2-17 shows. [21]

Figure 2-17: SEC setup for characterization of semiconductor flat-band potential (taken from [22]).
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SEC estimates midgap states of the semiconductor via selective injection of electrons/holes by
applying electrochemical bias. In other words, simultaneous spectral changes by applying
different potentials reveals the energetic location of these trap states along with the energies of
the associated optical transitions [21]. Some investigations have been done for studying band
edges of TiO2 and NiO as the most common n-type and p-type semiconductors in DSSC
technology by spectroelectrochemistry method [21,23–26].
In order to SEC of p-type semiconductors, the onset potential of the significant change of
absorbance lays to the top of the valence band (VB) of semiconductor [21]. One of the most
comprehensive spectroelectrochemistry studies of NiO is done by G. Boschloo and A. Hagfeldt
(2001) [24]. According to this research, intensity of absorption spectra is increased as well as
changing colour of NiO from brown to black with applied positive potentials (from 0.10 to 0.90
V vs. Ag/AgCl in steps of 0.10 V) (Figure 2-18). [24]

Figure 2-18: Absorption spectra of NiO under different potentials (from 0.10 to 0.90 V vs. Ag/AgCl in steps of
0.10 V) in SEC setup (taken from [24]).

The changes in colour of NiO film is because of changing Ni2+ to Ni3+ species during oxidation
process. Oxidation of Ni2+ to Ni3+ results in increase of the unpaired 3d electrons (from two to
three), which in turn leads to the weak d-d* absorption. Finally, they estimated valence band
edge of NiO is about 0.3 V vs Ag/AgCl (pH = 6.8). Also based on measurements which were
done by applying bias potential, the reversibility of the reactions was confirmed (see Figure
2-19). [24]
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Figure 2-19: Absorbance of NiO at 500 and 800 nm as function of applied potential (taken from [24]).

2.2. Photochemical Conversion in DSSCs
DSSCs can generate electric power from sunlight energy without suffering any permanent
chemical transformation. In all photovoltaic systems, two major steps exist to convert photon
energy to electrical energy. The first step is radiation absorption with electrical excitation; and
the second step is charge carriers separation and transport. Although these steps are common
in all photovoltaic devices, they happen through different processes in DSSCs compare to the
classical p-n junction structures. In p-n junction solar cells, charge carriers separation is done
through depletion region built at p-n interface materials. However, as mentioned, this step
occurs by different process in DSSCs. Also DSSCs require driving forces for electron transfer
processes, which is not present in other single junction photovoltaic systems [27]. DSSCs are
classified to three major types including photoanode (n-DSSCs), photocathode (p-DSSCs) and
tandem (pn-DSSCs).[2]. [28]
Figure 2-20 represents a conventional Grätzel cell which is an photoanode DSSC. This cell
consists two electrodes including working electrode (which is supported by a transparent
conducting oxide (TCO)) substrate, and counter electrode which can be made by different
conductive materials such as platinum. The working electrode is commonly constituted by a
mesoporous network of titania which is covered by an organic sensitizer (dye) layer. Also, the
gap between the electrodes is filled with electrolyte including a redox couple (A/A-) (mostly,
iodide/tri-iodide (I-/I3-) couple); this part is hole conductor. [28]
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In the first step of device operation, an electron is photoexcited from HOMO level to LUMO
level of the dye molecule. Then, in the next step, electron injection from excited dye (D*) into
TiO2 conduction band happens. After that, electron passes through the titania network towards
the transparent conducting glass. The produced electrons can travel through an external circuit
and return to the counter electrode (Pt). The electrolyte transports the holes towards the counter
electrode and redox couple will be reduced on the surface of counter electrode. Simultaneously
redox mediator regenerates the oxidized dye (D+). Figure 2-20 (a) illustrates this process
schematically [28].

Figure 2-20: (a) Electrochemical reactions of photo-conversion process, and (b) possible recombination
reactions in n-DSSCs (taken from [28]).

Furthermore, electron recombination can occur, since some electrons might migrate from
CBTiO2 to the HOMO level of the dye or electrolyte because of electron trapping effects. These
phenomena lead to decrease of DSSC performance. To reach the higher efficiency, the electron
injection rate should be faster than the decay of the dye excited state. In addition, the rate of
reduction of the oxidized dye (D+) by the redox mediator should be larger than the rate of back
reaction of the injected electrons with the dye cation. Also, the rate of reaction in the counter
electrode (Pt) should be fast enough to regeneration of redox mediator. Having an efficient
DSSC depends on both efficient electron injection and efficient dye regeneration. Furthermore,
LUMO level of the dye must be significantly higher than the conduction band of n-type
semiconductor to enjoy efficient electron injection. These recombination reactions are shown
in Figure 2-20 (b). [28]
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Photocathode DSSC works with similar principles, just after photo-exciting the sensitizer
(dye), charge transferring will occur via injecting holes into the valence band of the p-type
semiconductor, and electrons transfer from the photo-reduced dye to the redox mediator, to
create the reduced form of the redox couple. This reduced form of redox mediator will be
converted to the oxidised form at the counter electrode (Pt). Figure 2-21 shows electronic
transitions and transfer processes in n-DSSCs and p-DSSCs where white arrows represent
electron movement paths and black arrows show hole movement paths. [2]

Figure 2-21: Electronic transitions and transfer processes in (a) n-DSSCs and p-DSSCs (taken from [2])

As mentioned before, the difference in potentials between mediator redox potential and Fermi
level of the semiconductor (under illumination) determines the open circuit voltage (VOC)
achieved by DSSC device. Also as discussed, in n-DSSCs Fermi level is closer to the top of
the conduction band, and on the other hand, in p-DSSCs Fermi level is near the bottom of the
valence band. So in terms of semiconductor engineering to achieve a higher VOC, using n-type
semiconductors with upper CB in n-DSSCs and p-type semiconductors with deeper VB in pDSSCs is recommended. [2]
What follows is a description of charge transfer process in p-DSSCs. According to Figure 2-22,
(1) In the first step, photoexcitation happens where a photon excites an electron from HOMO
level to LUMO level of dye (D), and an electronic excited state (D*) is formed:
𝐷 + ℎ𝜗 → 𝐷∗
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(14)

(2) One electron is transferred from the valence band of NiO (p- type semiconductor) to the
HOMO level of excited dye (or hole transfer from the excited dye to the p-type semiconductor
NiO):
𝐷∗ + 𝑁𝑖𝑂 → 𝐷− + (𝑁𝑖𝑂|ℎ+ )

(15)

(3) Regeneration of the ground state of the dye by the oxidised species in the electrolyte
−
(𝐼 ⁄𝐼 − ), via involving radicals:
3

𝐷− + 𝐼3− → 𝑫 + 𝐼2⦁− + 𝐼 ⦁

(16)

2𝐼2⦁− → 𝐼3− + 𝐼 −

(17)

(4) and finally, in the last step, regeneration of the reduced species (in the electrolyte) happens
at the counter electrode (CE) (converting iodide to triiodide):
−

3𝐼 →

𝐼3−

+ 2𝑒

−

(18)

Figure 2-22: Charge transfer processes occurring in p-DSSC device (taken from [3])

However, several recombination pathways are in competition with charge transfer process,
which affects device performance negatively. According to Figure 2-22, these recombination
pathways include:
(5) Excited electron decays to its ground state.
22

(6) Recombination between the excited electron of the dye and a hole in p-type semiconductor.
(7) Recombination of a hole in p-type semiconductor with the reduced species in the
electrolyte.
Finally, the last group of DSSCs is tandem DSSC architecture which has been designed to
achieve a better performance (particularly higher VOC) employs two sensitised layers for
absorbing a wide range of solar spectrum. According to Figure 2-23, In the structure of these
cells, one side is based on an n-type semiconductor as a photo-anode, and the other side is a ptype semiconductor as a photocathode. Electronic transitions and transfer processes of these
kinds of DSSCs are shown in Figure 2-23 where white arrows show electron movement paths
and black arrows represent hole movement paths. [2]

Figure 2-23: Electronic transitions and transfer processes in pn-DSSCs (taken from [2])

The open circuit voltage (VOC) produced by this pn-DSSCs (tandem DSSCs) is determined by
difference in Fermi level of two semiconductors, which means it is the same as the sum of the
two half cells (n-type and p-type cells). In other words, open circuit voltage (VOC) is depended
to the difference in energy level of two sides of the cell (as general concept of voltage).
However, the current density is limited by the weaker electrode. [2] So based on what was
discussed, current research tries to design new copper-based oxide semiconductors as
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photocathodes in p-DSSCs for improving Voc than that of NiO as the most popular p-type
semiconductor used in p-DSSCs and pn-DSSCs.

2.3. Photovoltaic Performance Characterization of p-DSSC Devices
2.3.1. Current–voltage Measurements
Generally, performance of solar cells is evaluated by power conversion efficiency (PCE)
measurement. In this method, a solar simulator device provides the standard AM 1.5 conditions
(the distribution of sunlight under 1.5 air masses, similar to irradiation from the sun while it is
at an angle 41.81° above the horizon, 37° from the equator) and incoming light with100 mW
cm-2 power. Figure 2-24 shows solar irradiation and photon flux under this standard conditions.
[2]

Figure 2-24: Solar irradiation and photon flux under AM1.5 conditions. (taken from [2])

Performance of solar cell device will be evaluated under this conditions via scanning the
voltage and measuring the current using a potentiostat device. The curve resulted in this test is
known as current–voltage spectrum (Figure 2-25).

PCE is defined by:
𝑃𝑜𝑢𝑡
𝑃max (𝑚𝑊𝑐𝑚−2 )
𝜂=
=
𝑃𝑖𝑛
100 (𝑚𝑊𝑐𝑚−2 )
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(19)

PCE of the solar cell device is defined via the ratio of maximum solar cell power (Pmax) to the
power (intensity) of incoming light. η is also known as device efficiency [29].
According to Figure 2-25, in the I-V curve, the point with a maximum value for the product of
current and voltage is called the maximum power point (MPP). Pmax is the product of current
and voltage at the MPP. According to Equation 20, The fill factor (FF) of solar cell is defined
as the ratio of Pmax to the JSc and VOC:
𝐹𝐹 =

𝑃𝑚𝑎𝑥
𝜂
=
𝑉𝑂𝐶 × 𝐽𝑆𝐶
𝑉𝑂𝐶 × 𝐽𝑆𝐶

(20)

The open circuit voltage (VOC) is defined as the photovoltage at zero current. Also the
photocurrent at zero voltage is known as short circuit current (JSC). In photovoltaic cells, short
circuit current density (JSC) is determined via number of extracted charges. So the most
important factors (in terms of device engineering) to control this function is the type of dye
used in the device, and amount of dye molecules absorbed on the semiconductor surface. Also
charge injection into and transport through the semiconductor plays its own role. [2]

Figure 2-25: Typical I-V curve of a DSSC device (taken from [29]).

As discussed before, open circuit voltage (VOC) is determined by the difference in energy level
of two sides of the cell. Hence for getting the higher open circuit voltage, engineering quasifermi level of semiconductors and electrolyte redox potential is vital on different types of
DSSCs. Also reducing recombination rate plays a remarkable role to improve VOC. The most
important factor to get higher JSC is light harvesting efficiency and consequently higher number
of promoted electrons. [29]

25

The fill factor is affected by different resistances of the solar cell device including series
resistance, diffusion resistance and recombination resistance. Lower diffusion and series
resistances and higher recombination resistances lead to improving fill factor. Close to the Jsc
point the series and diffusion resistances are dominant. On the other hand, close to the VOC
point the current is low and the dominant resistance is the recombination resistance. The
recombination resistance is calculated from slope of the tangential line from the I-V spectrum.
[29]

2.3.2. Incident Photon to Current Conversion Efficiency (IPCE) Measurement
Incident photon to current efficiency (IPCE) or external quantum efficiency (EQE) is
defined by the spectral response of a solar cell to the incoming light in terms of current. IPCE
technique determines the ratio of number of generated charge carriers to the number of photons
incident on a solar cell as Equation 21 shows.
𝐼𝑃𝐶𝐸(𝜆) =

𝑟𝑎𝑡𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑟𝑎𝑡𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

(21)

In the DC mode IPCE measurement, the wavelength (λ) of incoming monochromatic light is
changed step by step and the current of solar cell will be measured at each wavelength. IPCE
plots represents the photo-generated charge carriers corresponding to wavelengths of incident
photon. [29]
In DSSCs current generation depends on three independent processes; the absorption of light
by dye, the injection of electrons from the excited dye, and the charge transport through
semiconductor. IPCE can be considered as combination of the quantum yields for these three
processes. Actually, IPCE corresponds to the electron flux measured as photocurrent compare
to the photon flux that strikes to the cell according to following equation:
IPCE(λ) = LHE(λ) φinj φcoll

(22)

Where LHE(λ) represents the light harvesting efficiency, φinj shows the quantum yield for
electron injection and φcoll describes the electron collection efficiency. The integration of the
IPCE-wavelength plot determines the short circuit current density of the solar cell [30]. Hence,
the short circuit current density (Jsc) can be obtained by:
Jsc = ∫ 𝑞 I0(λ) IPCE(λ) dλ
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(23)

where q is the charge of the electron, I0(λ) is the solar irradiance spectrum (Figure 2-24) over
all wavelengths. [31]

2.4. Device Components
The individual components which make DSSCs play vital role in performance and efficiency
of solar cell device. Generally, a regular DSSC device consists four main part including
sensitizer (dye), semiconductor, redox mediator (electrolyte) and counter electrode. During last
29 years (since 1991), a lot of efforts and research have been done to design new and novel
materials and chemicals including sensitizers, electrolytes and semiconductors for improving
device performance by considering increase of charge transfer rate and reducing charge
recombination. What follows is a description and review of materials and engineering of each
part in p-DSSCs structure.

2.4.1. Sensitizer
An ideal sensitizer or dye used in DSSCs must meet a lot of requirements such as capability of
absorbing photons with wavelength range of solar irradiation, high extinction coefficient,
enjoying a broad absorption profile, and having anchoring units like (carboxylic acids, pyridine
anchoring units, and phosphonates), for adsorption of dye on the semiconductor surface. Also,
attention to the HOMO and LUMO levels positions of dye compare to the redox potential of
electrolyte and the band edges of semiconductor is an important point [3].
In p-DSSCs structure, the HOMO level of dye should be more positive (vs NHE) or deeper (vs
vacuum) than valence band edge (VBE) of the p-type semiconductor, to allow a driving force
for charge transfer, and on the other hand, the LUMO level of dye must be more negative (vs
NHE) or higher (less negative) (vs vacuum) than the redox potential of the electrolyte. For
example, Figure 2-26 shows energy diagram for the component used in a p-DSSCs including
NiO (as semiconductor), PMI-6T-TAP dye and iodide.
In addition, the sensitizer structure must facilitate long-lived charge separation. For reaching
this target, dyes are synthesized to have a donor–acceptor ‘push–pull’ design in their structure.
Further, this structure will be discussed by detail. This design provides the situation that
electron density is shuttled to the periphery of the dye following charge transfer from the
semiconductor. [3]
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Figure 2-26: Energy diagram for the component used in a p-DSSCs including NiO (as semiconductor), PMI-6TTPA dye and iodide (taken from [32]).

Dyes used in p-DSSC technology have been classified to three major groups including a) metal
complex, b) organic push–pull dyes, and c) porphyrin and bodipy sensitizers [3]. In the current
research, P1 and PMI-6T-TPA which are considered as organic push–pull dyes have been used
as sensitizer because the highest PCEs have been realised by using this kind of dye in p-DSSC
technology according to the literature [3]. The following paragraphs provide more details about
this group of organic push-pull sensitizers.
Using organic push–pull dyes in p-DSSC technology, for the first time, A. Morandeira et al.
(2008) [33] reported using PMI-NDI (Perylenemonoimide-Naphthalenediimide) dye (Figure
2-27) as the first sensitizer designed specifically for using in p-DSSCs device. Fabrication of
p-DSSC devices with PMI-NDI dye resulted in quantum efficiency 3 times higher than devices
made with the analogous dye without naphthalene diimide (NDI) structure. This research
revealed the necessity of designing donor–acceptor ‘push–pull’ dyes anchored to the p-type
semiconductor for increasing efficiency of p-DSSCs. Figure 2-28 represents general structure
of donor–acceptor ‘push–pull’ dyes anchored to the NiO (p-type semiconductor)
schematically. Regarding PMI-NDI dye structure (Figure 2-27), a long-lived charge separated
state is formed in the presence of the NDI acceptor. [3]
One of the most important donor–acceptor ‘push–pull’ dyes to reach a higher JSC and efficiency
for p-DSSCs is triphenylamine-based dye P1 introduced by P. Qin et al. (2008) [34]. It led to
development of many subsequent dyes such as P2, P3, P4, and P7 for using in p-DSSCs. P1
consists a triphenylamine donor part and two dicyanovinylene acceptors which are linked by
thiophene bridges, with a carboxylic acid anchoring group as Figure 2-29 shows. [3]
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Figure 2-27: Molecular structure of PMI–acceptor dyads used in p-DSSC technology. (taken from [30]).

Figure 2-28: Schematic stricture of donor–acceptor ‘push–pull’ dyes anchored to the p-type semiconductor for
using in p-DSSCs (taken from [3])

A. Nattestad et al. (2010) [35] were the first group that used highly efficient set of dyes,
Perylene-(n)thipophene-triphenylamine (PMI-nT-TPA), in p-DSSCs. According to Figure
2-30, in the molecular structure of this set of dyes, a perylenemonoimide (PMI) as acceptor
unit is joined to a triphenylamine donor by an oligothiophene spacer of varying length. The
dyes are adsorbed on the p-type semiconductor surface by two carboxylic acid groups on the
triphenylamine donor. Increasing the oligothiophene length in the PMI-nT-TPA structure
results in longer-lived charge separated states and greater device efficiency and performance
consequently. [3]
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Figure 2-29: Molecular structure of dye P1 (taken from [34])

Figure 2-30: Molecular structure of PMI-nT-TPA dyes (taken from [3])

Based on literatures, in case of comparison of photovoltaic performance of two series p-DSSCs
(NiO as semiconductor, and 𝐼 − ⁄𝐼3− as redox couple), where in one group P1 has been used, and
in the another group PMI-6T-TPA has played role of sensitizer, it can be claimed that both
series have shown similar JSC, however devices consisted PMI-6T-TPA have enjoyed over
twice the VOC (see Table 2-2) [3, 35-36]. The reason can be related to the fact that using PMI6T-TPA as sensitizer leads to decrease electrolyte / NiO recombination because of the presence
of long sterically hindering alkyl chains in molecular structure of PMI-6T-TPA [35].
Generally, the success of P1 and PMI-6T-TPA as sensitizer in p-DSSCs has been a strong
motivation for designing and working with triphenylamine-based donor–acceptor dyes for
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researches who are working on DSSCs during recent years. Triphenylamine enjoys several
advantages such as strong electron-donating ability, ease of functionalisation and non-planar
shape that leads to reduced aggregation, which makes it attractive chemical component to
design new sensitizers for using in p-DSSCs. Table 2-1 represents energy levels information
of P1 and PMI-6T-TPA dyes. [3]
Table 2-1: Energy levels information of P1 and PMI-6T-TPA dyes.

HOMO
(vacuum scale)
-5.88
-5.6

Dye
P1
PMI-6T-TPA

LUMO
(vacuum scale)
-3.63
-3.8

Band Gap (eV)

Ref

2.25
1.8

[34]
[32]

Up to now, the majority of dyes for using in p-DSSCs have contained either diphenylamine or
triphenylamine donor groups. According to the review paper written by Elizabeth A. Gibson
et al. (2019) [3], more than 100 different kinds of dyes as sensitizer have been used in p-DSSC
technology by different research groups around the world, that discussion about all of them is
out of scope of this thesis.
Table 2-2 summarizes the photovoltaic performance of devices with P, PMI and PMI-nT-TPA
series of dyes as sensitizer (in a set-up with NiO as semiconductor and 𝐼 − ⁄𝐼3− as redox
mediator) according to the literatures. Clearly Table 2-2 shows the structure of dye affects VOC.
[3]
Table 2-2: Photovoltaic performance of devices with P, PMI and PMI-nT-TPA series of dyes as sensitizer (in a setup with NiO as semiconductor and 𝐼 − ⁄𝐼3− as redox mediator).

Dye

VOC(mV)

JSC(mA.cm-2)

FF

PCE(%)

Peak IPCE(%)

Ref.

P1

84

5.48

0.34

0.15

64

[36]

P2

63

3.37

0.31

0.07

32

[37]

P3

55

1.36

0.34

0.03

6

[37]

P4

100

2.48

0.36

0.09

44

[37]

P7

80

3.37

0.35

0.09

26

[37]

PMI-2T-TPA

153

2.06

0.29

0.09

10

[35]

PMI-4T-TPA

176

3.40

0.32

0.19

20

[35]

PMI-6T-TPA

218

5.35

0.35

0.41

62

[35]

PMI-NDI

120

1.76

0.35

0.073

32

[38]

PMI-PhNDI

130

1.64

0.35

0.074

43

[38]

PMI-PhC60

95

1.88

0.32

0.058

31

[38]
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2.4.2. Redox mediator (Electrolyte)
In DSSC structure, anode and cathode electrodes are connected together by an external circuit,
and internally by redox mediator or electrolyte. Electrolyte in these photo-electrochemical
cells plays a vital role, where charges transfer between anode and cathode electrodes through
the redox mediator. As discussed in last section, in p-DSSCs, the redox potential of the couple
should be below the LUMO of the dye in order to driving force for charge transfer. [2]
Iodide-triiodide ( 𝐼 − ⁄𝐼3− ) is the most popular redox couple for using in DSSCs. Iodide-triiodide
( 𝐼 − ⁄𝐼3− ) solutions are prepared by mixture of iodine and various iodide salts. Redox potential
of mediator is depended on ratio of concentrations of each species in electrolyte according to
Nernst equation. Equation 24 introduces this for the iodide-triiodide system as:
𝐸𝑟𝑒𝑑𝑜𝑥 = 𝐸0 −

[𝐼3− ]
𝑅𝑇
𝑙𝑛 − 3
[𝐼 ]
𝑛𝐹

(24)

where Eredox is redox potential of the couple, R is gas constant and is equal to 8.31 J K-1 mol-1,
T represents temperature (K), n shows number of electrons involved in the reaction, F is
Faraday’s constant (= 96485.33212 C mol−1) and finally E0 = -4.93 eV vs vacuum scale. So
based on Nernst equation redox potential of Iodide-triiodide is -4.9 (vacuum scale) in case of
considering 0.45 M 𝐼 − / 0.05 M 𝐼3− (as the most popular ratio in order to DSSCs redox
mediator). [2]

2.4.3. P-type Semiconductor
As mentioned before, the major role of p-type semiconductor in p-DSSCs is hole
transportation. In p-DSSCs, dye molecules anchored to the surface of semiconductor absorb
the photons and then after electron excitation, charge separation is done at the interface from
the dye molecule into the valence band of the semiconductor. So, having high surface area (e.g.
nano-mesoporous structure), high hole conductivity and suitable valence edge position are the
most important factors for engineering of p-type semiconductor when using in p-DSSCs. [2]
One of the biggest challenges in developing p-DSSCs has been finding p-type semiconductor
with suitable VB edge positions. In terms of getting higher VOC (in p-DSSCs), a suitable
valence band edge for semiconductor part can be considered as deep as possible (to maximize
potential difference between redox potential of redox mediator (Eredox) and valence band (VB)
position of p-type semiconductor), but VB potential of semiconductor shouldn’t be deeper than
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HOMO level of the sensitizer (dye), to create a driving force for charge transfer between a
photoexcited dye and VB of semiconductor. [2]
In order to solve the charge recombination challenge at the semiconductor-electrolyte interface,
charge carrier density and charge mobility are the most important effective factors. In highly
doped semiconductors, it can be more challenging because high charge carrier density increases
the probability of opposite charges recombination at the semiconductor-electrolyte interface.
[2]
Generally, doping or vacancies, and crystal defects can change type of semiconductor (n-type
or p-type). In oxide semiconductors, oxygen vacancies, or interstitial oxygen atoms determine
type of semiconductor as p-type or n-type. Thermal annealing, sintering or every process which
changes the stoichiometry of a metal oxide can alter oxygen concentration in the crystal lattice
and consequently the type of semiconductor. [2]
The other effective factor in photochemical performances of p-type semiconductor is its
specific surface area and morphological structure. One of the major reason to get poor
performance from DSSCs is related to morphology of the semiconductor film when reactive
surface area is low. Semiconductor film with mesoporous structure brings a group of
advantages in terms of device performance. The first benefit is more dye adsorption. A
mesoporous structure has more open and free sites to adsorb dye molecules. [39]
On the other hand, nanostructure film overcomes the problem of having incompatibility
between open morphology and internal electrical transport. So devices with nanoporous
semiconductor films show higher photocurrent densities. Nanoporous structure in comparison
with bulk structure brings couple of important differences for the electronic structure, the
distribution of the energy bands and charge separation. The most important differences include
the decrease of the intrinsic dark conductivity, and the absence of a built‐in electric field in
passing from bulk to nanostructured systems. [39]
The absence of charge separation within the nanostructure itself because of the actual
inexistence of delocalized frontier states results in the lack of a built‐in electric field in
nanostructured semiconductor films. The lack of a built‐in electric field in nanostructured
semiconductors leads to force the charge carriers to move through the mesoporous film by
diffusion. This phenomenon leads to the decrease of the electrical conductivity in mesoporous
semiconductor films. Hence, the mechanism of charge transport in semiconductors with
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nanostructure is of percolation type based on hopping between localized states of defective
nature located in interconnected nanocrystalline structures. [39]
In nanostructured semiconductors, frontier levels do not form a continuous band as it occurs in
bulk semiconductors. However, these energy levels are arranged in a set of separated levels
that require activation energy for initiating internal charge transport. [39]
Another remarkable difference between nanostructured and bulk semiconductors is related to
the fact that when nanostructured semiconductor films are used as electrodes in an
electrochemical cell, contact area between semiconductor and electrolyte is about thousand
times greater in comparison with bulk semiconductors. It is an interesting point in terms of
kinetics of the charge transfer between the redox species and semiconductor electrode at the
semiconductor film / electrolyte interface. This advantage leads to increase of the current
density. [39]

2.4.3.1. Nickel Oxide Semiconductors as Photocathodes
Nickel oxide (NiO) is the most popular p- type semiconductor in p-DSSCs with a band gap of
3.6 - 4 eV [40]. Valence band and conduction band edges of NiO are about -5.1 eV and -1.5eV
(vs. vacuum scale) respectively. Despite its popularity for using in p-DSSC, nickel oxide has a
low hole mobility (0.141 cm2 V-1 s-1). Hole density and conductivity in NiO are limited,
because the p-type character of this semiconductor is related to the formed Ni vacancies [40].
[2,3]

2.4.3.2. Cupric Oxide and Cuprous Oxide Semiconductors as Photocathodes
Furthermore, Cupric oxide (CuO) is a binary oxide considered as an interesting candidate for
using in p-DSSCs. CuO has deeper valence band compared to NiO, which results in higher
VOC than that of NiO. CuO may also provide lower charge recombination rates, as it has a
higher dielectric constant than NiO (for CuO ε = 18.1, and for NiO ε = 9.7) [41]. Consequently,
using CuO leads to increasing the charge collection efficiency. The other interesting feature of
CuO is having small band gap (1.3 - 2.1 eV) [40], which in turn complicates the sensitisation
and excitation process. By using CuO as photocathodic electrode, it absorbs a substantial
portion of visible light photons, which leads to the direct excitation (VB to CB of CuO), as
well as collecting and removing holes from photoexcited dye. Also, some sensitisers can inject
electrons into the CB [3,41]. Odobel et al. [42] used CuO nanowires along with P1 dye as
photocathode electrode and obtained VOC of 91 mV, a JSC of 0.69 mA cm-2, a FF of 42%, and
a PCE of 0.026%.
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Cuprous oxide (Cu2O) is also an interesting p-type semiconductor which shows the best ptype Hall mobility value (>100 cm2 V-1 s-1) [40]. The optical band gap for Cu2O is reported
2.1-2.6 eV. In this semiconductor, the VB is composed of occupied hybridized levels from the
Cu 3d and O 2p orbitals. The top of VBM is composed of the Cu d-states which creates a great
hole mobility [40]. Lu et al. [43] used Cu2O along with C343 dye as photocathode electrode
and obtained VOC of 710 mV, a JSC of 1.3 mA cm-2, a FF of 46%, and a PCE of 0.42%.

2.4.3.3. Copper-Based Oxides Transparent p-Type Semiconductors as Photocathodes
Transparent conducting oxides (TCOs) should have a band gap more than 3.0 eV to be
transparent [44]. Actually, it is not easy to design a p-type TCO with high conductivity because
of low hole mobility in the oxides. Figure 2-31 shows effective mass of a hole is higher than
that of an electron in binary and ternary oxides. The main reason of low hole mobility in TCOs
is related to the fact that the valence band maximum (VBM) for hole transport is formed by
highly localized oxygen 2p orbitals. In addition, the low formation energy of intrinsic donor
defect and high acceptor formation energy restrict amount of hole carriers. [45]

Figure 2-31: Effective mass distribution of both electrons and holes in binary and ternary oxides (taken from
[45]).

Hence, the design of p-type TCOs because of mentioned reasons is so challenging. A solution
to tackle this problem can be using a cation with closed shell levels, which in turn degenerates
the O 2p states. Fortunately, appropriate d10 states in Cu and Ag elements provide this
condition. In copper-based oxides, the cu states interact with some of the O 2p states and create
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a more dispersive band above the non-bonding O 2p or Cu 3d states. So based on what was
discussed, Copper-based oxide transparent semiconductors family such as CuMO2 (M: Al,
Ga, Co, Fe, Cr, In, Ni, Mn, Sc, Y, B), with the delafossite structure has been developed from
this logic. [44]
At the first time, Kawazoe et al. [46] studied on electrical properties of delafossite structured
CuAlO2 for this purpose in 1997. In structure of delafossites, Cu+ has a closed shell of 3d10
orbitals which are hybridized with O 2p orbitals and this hybridization changes the valence
band maximum, which is why a significant increase in the hole mobility is observed in this
structure. This hybridization happens because the energy level of Cu 3d10 is close to that of O
2p. [47]

2.4.3.4. Delafossite CuMO2, Orbitals Configuration and Crystal Structure
Generally, electrical conductivity in the metal oxides is very low because energy levels of
oxygen 2p orbitals are lower than that of the metallic atoms; and it results in a highly localized
and deep VBM which is formed by oxygen 2p orbitals. Also hole mobility in these materials
is low because holes are highly localized by oxygen ions. [47]
In contrast to most of the metallic oxides, Cu-based oxides (such as CuMO2 structure) enjoy
reasonable hole mobility, because highly localized VBM is modified and more dispersed by
specific electronic configuration of d10s0 in Cu+. Copper cation enjoys the electronic
configuration that its highest shell electrons are located at the similar energy levels as that of
oxygen 2p orbitals (Figure 2-32a). As Figure 2-32a shows, when Cu+ cations would be brought
to the oxygen ions, chemical bonds with a specific degree of covalency will be formed, and the
VBM will be formed by the anti-bonding levels of the resulting band formation. The absence
of non-bonded electrons of oxygen results in a higher hole mobility in delafossite CuMO2
structure [47]
Furthermore, Cu+ possesses a closed shell valence state to create transparent oxides. In addition
to the overlap of the orbitals to make dispersed VBMs, the crystal structure of the oxide plays
a vital role to create a transparent material. According to Figure 2-32b, for creating a
transparent oxide, it should be ensured that all eight of electrons in the tetrahedral coordination
of oxygen are involved in the four sigma bonds. It must be mentioned that just Cu+ and Ag+
can provide this unique situation to form transparent (hole) conductive metallic oxides. [47]
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Delafossite CuMO2, has two polytypes including rhombohedral 3R (Figure 2-32b) and
hexagonal 2H (Figure 2-32c), based on the stacking sequence of the Cu and double layer MO2.
Generally, CuInO2, CuAlO2, and CuGaO2 prefer to be crystalized in the rhombohedral 3R type
and CuLaO2 and CuScO2 and CuYO2 are formed in hexagonal 2H structure. [47]

Figure 2-32: (a) Diagram of electronic configuration of Cu+ cation with a d10 closed shell and oxygen anion in cubased delafossites. Crystal structure of the delafossite of (b) rhombohedral 3R type and (c) hexagonal 2H type
(taken from [47]).

However, different synthesis approaches result in different structural symmetries. The most of
p-type transparent conducting delafossites have rhombohedral 3R structure [47]. Table 2-3
compares functional properties of copper-based delafossite semiconductors with NiO, CuO and
Cu2O used as photocathode in p-DSSCs structure.
Table 2-3: Functional properties of copper-based delafossite semiconductors, NiO, CuO and Cu2O used as
photocathode in p-DSSCs structure. [3]
VB

p-Type
SC

Crystal
Structure

T
%

Eg (eV)

(eV vs.
vacuum)

Dielectric
Constant

Conductivity
(S.cm-1)

NiO

Cubic

40

3.4-4.3

-5.04

9.7

10-4

CuO

Monoclinic

55

1.3-2.1

-5.57

18.1

3.85

Cu2O

Cubic

72

2.1-2.6

-5.69

12

6.7  10-3

80

3.6-3.9

-5.29

0.96

10-1 - 10-2

77

3.0

-5.3

0.2 - 0.6

0.23

CuGaO2
CuCrO2
CuAlO2
CuFeO2
CuBO2

Delafossite
rhombohedral

Delafossite
Delafossite
rhombohedral

Delafossite
rhombohedral

Delafossite
rhombohedral

Carrier
Concentration

5  1016 –
1  1020
1.5  1016 –
7.4  1019
1.5  1015 –
5.7  1019
1.7  1018 –
3.5  1020
5.06  1014

Hole
Mobility
(cm2 V-1 s-1)

0.141
0.12
51
0.23
0.2

75

3.55

-5.2

10

0.3

1.3  10

50

1.5-3.4

-5.3

20

0.36

5.3  1018

0.2

70

4.0

-5.9

N/A

1.65

3.07  1013

100

37

17

10

Copper-based delafossite oxides are so interesting for using in p-DSSCs because of their
depressed valence band edge energies. The valence band edge of these oxides is defined by the
Cu 3d band, which make them unique compared to the other p-type metal oxides. [1]
In application of Cu-based delafossites as photocathodes in p-DSSCs several research groups
around the world have reported using CuAlO2, CuGaO2, CuFeO2, and CuCrO2 in this
technology [2,48–68]. Table 2-4 shows three examples of performance of Cu-based
delafossites as photocathodes in p-DSSCs reported by different references. Redox mediator
used in the all studies is I3− /I − .
Table 2-4: Performance of the most popular Cu-based delafossite semiconductors as photocathodes in p-DSSCs.

Semiconductor

Sensitizer

VOC (mV)

JSC (𝒎A.cm-2)

FF(%)

μ (%)

Ref.

CuAlO2

PMI-6T-TPA

333

0.33

40

0.041

[49]

CuGaO2

P1

234

0.38

38

0.026

[69]

CuCrO2

Coumarin 343

102

0.58

32

0.016

[70]

As Table 2-3 valence band edge of all Cu-based delafossite semiconductors is lower than that
of NiO (vs. vacuum scale); hence, it is expected DSSCs with these semiconductors generate
higher VOC than NiO-based devices. The VOC values presented in Table 2-2 prove this
assumption. As it was shown in Table 2-2, p-DSSCs with a setup of NiO-P1 (I3− /I− ) generate
84 mV photovoltages which is remarkably lower compared to the VOC values obtained by Cubased delafossite semiconductors with same mediator and sensitizer.

2.4.4. Counter Electrode
In p-DSSCs, regeneration of the reduced species (in the electrolyte) happens at the counter
electrode (CE). The most popular material for using as counter electrode in DSSCs is platinum
(Pt) due to its high catalytic activity, and stability. Usually Pt counter electrode is fabricated by
coating platinum thin film (generally by sol-gel method) on transparent conductive glass
substrate. Other materials which can be good candidates as counter electrode in DSSC structure
include carbonaceous materials such as activated carbon, graphite, C60, carbon nanotubes
(CNTs), and graphene (usually, they are used in n-DSSCs structure). [10]
The use of a catalytic counter electrode leads to creation of a device which enjoys a maximum
achievable VOC determined by the redox mediator potential and valence band of p-type
semiconductor in p-DSSCs. In p-DSSCs, counter electrode must be capable of the conversion
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of a sufficient amount of iodide to triiodide (3𝐼 − → 𝐼3− + 2𝑒 − ) to maintain an equilibrium of
the redox species. [2,3]

Set up the Scope of the Thesis
The known properties of Cu-based delafossites make them promising candidate materials
for p-DSSCs, however the ones reported to date, still only have modest VB edge shifts
compared to NiO. The current thesis tries to investigate any possibilities to reach the deeper
VB edges and the higher VOCs.
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3. Chapter 3: Experimental Methodology
This chapter introduces experimental methodology used during the current research project.
This chapter describes methodology of modeling and synthesis of semiconductors, device
fabrication, and characterization measurements.

3.1. Semiconductor Modelling
In order to design p- type semiconductors for using as photocathode in p-DSSCs, delafossite
CuMO2 (M = Al, Ga, Co, Fe, Cr, In, Ni, Mn, Sc, Y, or B) structure was selected. Semiconductor
simulation was done via cooperation with Prof. Zhenpeng Hu from Nankai University (China).
In this simulation, the band structure computation was done based on density functional theory
(DFT). In order to this simulation, The Vienna Ab initio Simulation Package (VASP) [71] was
used to perform the calculations, in which the wave functions were described by plane-wave
basis and the ionic potential was described by the Projector Augmented Wave [72] (PAW)
approach. The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximated (GGA)
function [73] was used to describe the exchange-correlation interactions. To describe the 3d
electrons correctly, the on-site Coulomb interaction was treated by DFT+U [73] method.
Furthermore, as in the most cases U=4eV is sufficient for the 3-d transition elements, so U
value of 4eV was considered for “M” (the metallic element in CuMO2 structure). The 3R
structures were optimized for the copper-based transparent conducting oxides CuMO2 (M=B,
Al, Ga, In, Sc, Cr, Mn, Fe, Co, Ni). All calculations were performed with a 5 × 5 × 5 Gamma
centre K-mesh. A cut-off energy of 520 eV was used for geometry relaxation, and electronic
structure calculations. Calculations were deemed to be converged when forces on each atom
were less than 0.01ev/Å and the energy difference between electronic steps was less than 10 -5
eV.

3.2. Semiconductor Synthesis
For synthesis of the semiconductors, several approaches including sol-gel, hydrothermal, solid
state reaction, spray-pyrolysis, precipitation and co-precipitation methods were investigated;
and it was concluded that hydrothermal and sol-gel methods tend to result in the best powder
properties for DSSCs application. The favourable powder properties such as fine particle and
grain size, narrow particle size distribution, high purity, high porosity can be obtained by
hydrothermal and sol-gel approaches. [74–80]
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About chemical precipitation and co-precipitation, final product includes impurity with a broad
particle size distribution. Furthermore, solid state method brings a lot of disadvantages
including large grain size, non-porous particles, creation of undesired or unwanted phases
because of over sintering, and remaining residues of reactants as the result of incomplete
reaction. Also for powder synthesis by this method, high temperature is required. [74–80]

3.2.1. Synthesis of CuMnO2
For synthesis of CuMnO2, hydrothermal approach was used. In this method, CTAB
(Hexadecyltrimethylammonium bromide) (Sigma-Aldrich, H5882), NaOH (Sigma-Aldrich,
306576), Mn(CH3COO)2.4H2O (Sigma-Aldrich, 229776), and Cu(NO3)2.3H2O (SigmaAldrich, 61194) were used as precursors. Also a 45 ml-Teflon-lined autoclave (Parr instrument
company (USA), 276AC2 T304 071006) was used as hydrothermal reactor.

3.2.2. Synthesis of CuInO2
The popular method for synthesis of CuInO2 is ion-exchange reaction method. In the current
research, CuInO2 was synthesized by following reaction:
LiInO2 + CuCl

CuInO2 + LiCl

(25)

In this process, Li2O (Sigma-Aldrich, 374725), In2O3 (Sigma Aldrich, 203424) and CuCl
(Sigma-Aldrich, 256528) were used as precursors.

3.2.3. Synthesis of CuNiO2 and CuO-NiO Nanocomposite
Although the effort to synthesis of CuNiO2 was not successful, a successful sol-gel method for
synthesis of CuO-NiO nanocomposite was designed. In order to synthesis of CuO-NiO
nanocomposite by sol-gel method, the copper acetate monohydrate (Cu(Ac)2.H2O) (SigmaAldrich, C5893), nickel nitrate hexahydrate (Ni(Nit)2.6H2O) (Sigma-Aldrich, 203874), and
ethanolamine (Sigma-Aldrich, E9508) were used as precursors.

3.2.4. Synthesis of Cu3Mn3O8 and Cu2NiMn3O8
Cu3Mn3O8 and Cu2NiMn3O8 were synthesized based on sol-gel-spin coating method. Nickel
nitrate hexahydrate (Ni(Nit)2.6H2O) (Sigma-Aldrich, 203874), copper acetate monohydrate
(Cu(Ac)2.H2O)

(Sigma-Aldrich,

C5893),

manganese(III)

acetate

tetrahydrate

(Mn(CH3COO)3.4H2O) (Sigma-Aldrich, 229776), and triethanolamine (Sigma-Aldrich,
90279) were used as precursors. For spin coating step, Laurell -WS-650HZ-15NPP was used.
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3.3. Semiconductor Characterization
After synthesis of the semiconductor, the next step is characterization of properties. These
functional properties and characterization methods include crystallographic and phase analysis
by powder X-ray diffraction (XRD), morphology studies by scanning electron microscopy
(SEM), band gap (Eg) determination by UV-Vis Spectroscopy, and valence band edge
determination by Spectroelectrochemistry (SEC).

3.3.1. Powder X-ray Diffraction (XRD)
XRD measurements were performed on GBC EMMA (Figure 3-1) and PANalytical Empyrean
X-ray diffraction goniometer -Malvern Panalytical (Figure 3-2). The XRD measurements of
NiO, CuO-NiO nanocomposite, CuMnO2 and CuInO2 were performed on powders; on the
other hand, measurements of Cu3Mn3O8 and Cu2NiMn3O8 were made using thin films (coated
on quartz glass substrate). The scanning rate and angle range for all measurements were 5°/min
and 25° ≤ 2θ ≤ 75° respectively. Crystallographic and phase analysis of semiconductors were
done by Match (V3) (2020) and Endeavour (2020) software.

Figure 3-1: GBC EMMA X-ray diffractometer.
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Figure 3-2: PANalytical Empyrean X-ray diffraction goniometer -Malvern Panalytical.

3.3.2. Scanning Electron Microscopy (SEM)
Scanning electron microscopy was used to study morphology and determination of particle
size. Figure 3-3 shows JSM-7500F (JEOL) field emission scanning electron microscope which
was used for these measurements. All samples were coated by platinum (sputtering) before
being imaged. All SEM measurements were done in secondary electron imaging (SEI) mode;
and also electron beam accelerating voltage was 5 kV.

Figure 3-3: JSM-7500F (JEOL) field emission scanning electron microscope.
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3.3.3. UV-Vis Spectroscopy
UV-Vis spectroscopy was used for different purposes such as measuring dyes adsorption on
the semiconductor surface and determination of optical band gap of semiconductors. For both
experiments, Shimadzu UV3600 UV-Nir-NIR Spectrometer (Figure 3-4) was used. For sample
preparation, all sample were coated on quartz glass by blade coating (NiO, CuMnO2, CuInO2
and CuO-NiO nanocomposite) or spin coating (Cu3Mn3O8 and Cu2NiMn3O8) methods and then
were sintered (400-500 °C, for 30-60 min). (Coating and sintering parameters are available in
Table 3-1). All samples were sintered in air atmosphere, only CuMnO2 was sintered under
nitrogen atmosphere. All measurements were done based on transmission mode in the range of
300 to 800 nm. For determination of optical band gaps of semiconductors, Tauc Plot method
[81] was used.
With aim of doing measurement of dyes adsorption on the semiconductor surface, in order to
dye loading, two series of samples (sintered semiconductor films coated on quartz glass
substrate) were immersed in two dyes baths including 0.2 mM P1 in ethanol solution, and 0.2
mM PMI-6T-TPA in Dimethylformamide (DMF) solution for 48 hr. Before putting films in
the dyes baths, all samples were heated to 120°C by heat gun for 15 min, and temperature of
the samples in the moment of immersion was about 80°C.

Figure 3-4: Shimadzu UV3600 UV-Nir-NIR Spectrometer.

3.3.4. Spectroelectrochemistry (SEC)
For estimation of flat-band potentials which are assumed to approximate VB edge for p-type
semiconductors, spectroelectrochemistry (SEC) method which was descried in the section
2.1.2 was used. As discussed, SEC is a combination of electrochemical and optical process
simultaneously. A SEC approach can be used to determine the flat-band potential of
semiconductor via recording the optical absorbance changes of semiconductor film as function
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of different applied potentials in an electrochemical cell set-up. Figure 3-5 represents 3electrode electrochemical set-up in a transparent cell. This electrochemical set-up includes
working electrode (WE) which was the semiconductor coated on fluorine doped tin oxide
(FTO) conductive glass, platinum mesh as counter electrode (CE), and Ag/AgCl(aq) as reference
electrode (RE). Also electrolyte of the cell was 0.1M Potassium Phosphate Buffer (pH= 6)
including [0.0138M K2HPO4 . 3H2O] + [0.0862M KH2PO4] solved in distilled water. Also 10
min nitrogen purging in electrolyte was done before each set of the measurements.

Figure 3-5: 3-Electrode electrochemical cell designed for SEC measurements.

This electrochemical cell was set with Shimadzu UV1800 spectrometer, and the electrodes
were attached to the Gamry-600 potentiostat as Figure 3-6 shows. Optical spectroscopy
measurements were done in the range of 300-800 nm as long as in each measurement, a
particular positive potential was applied. The measurements were started by applying 0mV to
the amount which resulted in a significant change of absorbance. The maximum potential
which was applied was 1900 mV (vs. Ag/AgCl). At least 30 s was allowed between a potential
being applied and optical measurement started, in order for the system to equilibrate.

Figure 3-6: Spectroelectrochemistry set-up for valence band edge measurements.
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3.4. p-DSSC Device Fabrication
3.4.1. Preparation of Photo-cathode Electrodes
Photocathode electrodes were prepared by coating semiconductors on “2mm” fluorine doped
tin oxide (FTO) conductive glass. FTO glass was supplied from Hartford with a nominal sheet
resistance of 14 ohm/sq. Before coating the semiconductors, glass was cleaned in an ultrasonic
bath for 20 minutes in soapy water, acetone, and ethanol respectively (totally 60 min).
After drying the glass with N2 flow, semiconductors (NiO, CuO-NiO nanocomposite,
CuMnO2, Cu3Mn3O8, Cu2NiMn3O8 and CuInO2) were coated by blade coating or spin coating
(at 2000 rpm for 1 min) methods on the cleaned FTO substrate. To create NiO films,
commercial NiO (US Nano Research) was printed as paste by print screen method (90T mesh,
4 x 4 mm pattern). To create other semiconductors films by blade coating method, thin films
were applied by drawing small amount of suspension of semiconductor powder in ethanol by
a glass bar on the cleaned FTO glass.
All electrodes were approximately about 1.8 cm ×1.5 cm, and dimensions of semiconductor
films were 4 mm × 4 mm. After coating step, all samples were dried at 120°C for 10 min in
drier (oven). Next, samples were sintered / annealed. Table 3-1 describes all information related
to the coating and sintering of all semiconductors by details.
After sintering step, the next step is dye loading of the dyes on the semiconductor films. In the
current research, P1 (made by P. Wagner, Organic Chemistry Lab, IPRI, UOW, Australia,
following P. Qin et al. method [79]) and PMI-6T-TPA (made by P. Bäuerle, Institute for
Organic Chemistry II and Advanced Materials, University of Ulm, Germany) were used as
sensitizer. Figures 3-7 and 3-8 show chemical structure of these dyes.

Figure 3-7: Chemical structure of P1.
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Figure 3-8: Chemical structure of PMI-6T-TPA (taken from [35]).

Table 3-1: Information of coating and sintering of all semiconductors.

Thin Film

Coating Method

NiO

Screen Printing
(90T mesh, 4 x 4 mm
pattern, single layer)

CuO-NiO Composite

Blade Coating

CuInO2

Blade Coating

CuMnO2

Blade Coating

Cu3Mn3O8

Spin Coating of solution
(2000 rpm for 1 min)

Cu3NiMn3O8

Spin Coating of solution
(2000 rpm for 1 min)

Sintering / Thermal Annealing
Temperature: 400°C (on hot plate in air)
Dwell (soaking) time: 30 min
Ramp rate: 37.5°C /min
Post sintering: 550 °C by heat gun for 10 min
Temperature: 500°C (on hot plate in air)
Dwell time: 60 min
Ramp rate: 5°C /min
Temperature: 400°C (on hot plate in air)
Dwell time: 30 min
Ramp rate: 37.5°C /min
Temperature: 500°C (under N2 atmosphere in
quartz tube furnace)
Dwell time: 60 min
Ramp rate: 5°C /min
Temperature: 500°C (on hot plate in air)
Dwell time: 60 min
Ramp rate: 5°C /min
Temperature: 500°C (on hot plate in air)
Dwell time: 60 min
Ramp rate: 5°C /min

In order to make dye baths, two solutions of either 0.2 mM P1 in ethanol, or 0.2 mM PMI-6TTPA in Dimethylformamide (DMF) were prepared. Then working electrodes were heated at
120°C by heat gun for 15 min, and immersed in the dye baths for 24 hr (temperature of the
samples in the moment of immersion was about 80°C).
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3.4.2. Preparation of Anode (Counter) Electrode
For making counter electrodes, in the first step, FTO glass was cut to pieces with dimensions
of 1.8 cm

1.5 cm. Then, for injection of electrolyte into the cell, a hole with approximately

1 mm diameter was drilled by using a Dremmel bench drill with a dental burr on the corner of
each electrode according to Figure 3-9.

Figure 3-9: Dimensions of counter electrode.

In the next step, glass was cleaned in an ultrasonic bath for 20 minutes in soapy water, acetone,
and ethanol respectively (totally 60 min). After drying the glass with N2 flow, Pt catalyst was
deposited on the conductive side of the FTO glass by coating the glass with hexachloroplatinic
acid (H2PtCl6) solution (10 mM in ethanol). 8μL of the solution was applied on 2.7 cm2 (1.8
cm

1.5 cm) surface of FTO glass. Following this, the electrodes were heated at 400 °C for

15 min by heat gun according to Figure 3-10.

Figure 3-10: Heat treatment of H2PtCl6 solution on FTO glass to deposition of Pt catalyst.

3.4.3. Device Assembly
For all devices made in this project, counter electrode (as explained in the previous section)
and electrolyte solution (0.5M LiI, 0.05M I2, in PC) were constant. The variable parts were the
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semiconductor including (NiO, CuO-NiO nanocomposite, CuMnO2, Cu3Mn3O8, Cu2NiMn3O8
and CuInO2), and also the sensitizers (P1 and PMI-6T-TPA). In the first step, all
semiconductors were used in combination with P1 as sensitizer for fabrication of 6 series of pDSSC cells. Regarding the obtained results related to photovoltaic characterization of devices
that they will be discussed in chapter 6, four semiconductors including NiO, CuO-NiO
nanocomposite CuMnO2, and CuInO2 were selected for fabrication of a new set of devices with
PMI-6T-TPA as sensitizer. So totally 10 series of devices were fabricated in this project. Also
for each p-DSSC series, 5-15 devices were fabricated.
The whole device assembly process (for all devices) was done in a dry box with maximum
20% humidity. The initial devices consisted NiO-P1 as photo-cathode electrode that had been
made in normal atmosphere (60-80% humidity) showed disappointing photovoltaic
performance. It has been previously noted that the high humidity in the laboratory was
associated with poor device performance. So a specific dry box was designed for construction
and assembly of the cells in an atmosphere with 15-20% humidity as shown in Figure 3-11.
For reaching to this amount of humidity, nitrogen and argon gases flowed to the box, and
moisture was kept below 20% from the first step (taking photo-cathode electrode out from dye
baths, to the last step including electrolyte injection and sealing the cell.

Figure 3-11: Dry box designed for p-DSSCs fabrication process.
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In order to assemble devices, working electrodes were removed from dye solution and rinsed
by ethanol; and then dried by nitrogen flow. In the next step, the dye - covered semiconductor
(photocathode) and Pt-counter electrode were assembled with a gasket (25 μm Surlyn™
(Solaronix, Switzerland)) between them like a sandwich structure. This assembly was sealed
by pressing on a hot plate (120°C) to melt the Surlyn gasket (see Figure 3-12).

Figure 3-12: p-DSSC device assembly.

After sealing, the electrolyte (0.5M LiI, 0.05M I2, in PC) was injected into the cells by vacuum
back-filling technique. In this method, the cell was placed in vacuum, and subsequent exposure
to atmosphere pressure pushed the electrolyte into the cell (vacuum was applied about 20s).
Finally, the hole was covered and sealed by a Surlyn-Aluminium foil laminate on the hot plate
(120°C). Finally, electrical contacts were created by using a sonic soldering (Cerasol CS186)
(T = 220ºC), with an oscillation of 60 kHz, and standard copper wires. Figure 3-13 represents
the structure and elements which formed p-DSSC devices.

Figure 3-13: p-DSSC device structure and components (taken from [2]).
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3.5. Photovoltaic Characterizations
For the photovoltaic characterization of solar cell devices, PCE and IPCE measurements were
done. In order to current-voltage testing, PCE measurements were taken by using an AM1.5
Oriel solar simulator (100 mW cm-2), under illumination and dark condition (after calibration
of the lamp power by silicon diode). Current-voltage characteristics were measured by using a
Keithley 2400 source meter. Cells were biased from high to low, in the range of +400 mV to
-200 mV with 60 steps, and 100 ms settling time. The settling time is the delay between the
application of a bias and the current measurement. For these measurements, p-DSSC devices
have been fixed in a device holder includes a mask with an open active area of 4 mm

4 mm

(0.16 cm2). Then the device holder was placed under solar simulator lamp. Next, Keithley 2400
source meter was connected to the sample (p-DSSC device). Figure 3-14 shows the facilities
which have been used for PEC measurements including AM1.5 Oriel solar simulator and
Keithley 2400 source meter that work under control of the software created by Labview.

Figure 3-14: AM1.5 Oriel solar simulator and Keithley 2400 source meter set-up for PCE measurements.

After PCE measurements, incident photon to charge carrier conversion efficiency (IPCE) of pDSSCs were measured by QEX10 device (Figure 3-15) (after calibration by silicon diode). In
each IPCE measurement, the solar cell was held under short circuit conditions and illuminated
by monochromatic light. The wavelength range for all measurement was 400-700 nm with step
size of 20 nm.
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Figure 3-15: QEX10 device for IPCE measurements.
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4. CHAPTER 4: Modelling, Synthesis, Crystallographic and Phase
Analysis of Semiconductors
4.1. Semiconductor Modelling
Semiconductor simulation was done via cooperation with Prof. Zhenpeng Hu from Nankai
University (China). In this simulation, the band structure computation was done based on
density functional theory (DFT). Figure 4-1 represents the corrected valence bans maximum
values based on s orbits of O (a) and s orbits of Cu (b) in different CuMO2 semiconductors
family done by Prof. Zhenpeng Hu’s team.

Figure 4-1: The corrected VBM based on the s orbits of O (a) and s orbits of Cu (b) in different CuMO2
semiconductors family done by Prof. Zhenpeng Hu’s team.

Since these reported values were relative values, VBM values of different semiconductors in
this group were estimated based on VBM of CuAlO2 which was known value (-5.2 vs. vacuum
scale). Table 4-1 summarizes valence band maximum (VBM) computation of different CuMO2
(M=B, Al, Ga, In, Sc, Cr, Mn, Fe, Co, Ni) semiconductors based on the s orbits of Cu and O.
As Figure 4-2 shows, based on valence band levels of semiconductors, the redox potential of
used electrolyte (iodide-triiodide ( 𝐼 − ⁄𝐼3− ), Eredox= -4.9 vs. vacuum scale), and HOMO level of
P1 sensitizer (between -5.9 to -6.1 vs. vacuum scale), CuNiO2, CuMnO2, and CuInO2 were
selected as suitable candidates to use as photocathode in our research to improve VOC in pDSSCs.
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Table 4-1: VBM computation of different CuMO2 semiconductors family based on the s orbits of Cu and O.

CuMO2
CuAlO2
CuBO2
CuCoO2
CuGaO2
CuFeO2
CuNiO2
CuCrO2
CuInO2
CuMnO2
CuScO2

VBM based on s
orbital of Cu
(Vacuum Scale)
-5.2
-3.9
-5.2
-5.4
-5.5
-5.9
-6.0
-6.1
-6.1
-6.8

VBM based on s
orbital of O
(Vacuum Scale)
-5.2
-2.9
-5.9
-5.5
-6.2
-6.8
-6.3
-6.7
-7.0
-7.4

As explained in Chapter 2 (Section 2.4.3.4), CuAlO2, CuGaO2, CuFeO2, and CuCrO2, have
been studied by other groups for this application [2,48–68]. Also as discussed, CuScO2 which
is crystalized in hexagonal 2H is not transparent; and it has so deep valence band as well. In
order to using CuBO2, there is no deep VBM (see Figure 4-2). Hence, CuNiO2, CuMnO2, and
CuInO2 are the best candidates to choose, not only because of their suitable valence band edge,
but also due to their novelty for using in p-DSSC technology.

Figure 4-2: VBM range (vs. vacuum) of different semiconductors in CuMO 2 family according to the band
structure computation based on density functional theory (DFT).
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P1 dye, due to its favourable absorption range (468 to 499 nm) [82] which is matched with the
range that radiation intensity of sunlight is maximum on the one hand (see Figure 1-3), and
suitable HOMO level (1.32 vs. NHE (V) or -5.88 vs. vacuum scale) on the other hand, has been
one of the most popular sensitizers used in p-DSSCs technology. [3]

4.2. Synthesis and Characterization of CuMnO2
For synthesis of CuMnO2, hydrothermal approach introduced by X. Liu et al. [83] was
followed. In this method, 80 mg CTAB (Hexadecyltrimethylammonium bromide) was
dissolved in 12 ml deionized water and 12 ml ethanol, and then 2.5 ml of 2 M NaOH aqueous
solution was added into this solution. After that, 2.5 ml of 0.1 M Mn(CH3COO)2.4H2O aqueous
solution and 2.5 ml of 0.1 M Cu(NO3)2.3H2O aqueous solution were solved in the above
solution by 3 hr stirring (1000 min-1) at room temperature. The mentioned solution was
transferred into 45 ml Teflon-lined autoclave reactor, and the autoclave was kept at 180°C for
24 hr. Finally, the obtained powder was washed six times with deionized water and ethanol by
centrifugation method and then dried at 70°C. Figure 4-3 shows the major steps of this method
schematically.

Figure 4-3: Synthesis of CuMnO2 by hydrothermal method.

Figure 4-4 shows CuMnO2 phase (JCPDF: [04-017-1231], with monoclinic crystal system)
was formed by hydrothermal process. Then the obtained powder was sintered in air atmosphere
at 400°C for 30 min. XRD measurements revealed that CuMn2O4 (JCPDF: [04-008-2181]) and
CuO (JCPDF: [03-065-2309]) phases were created as consequence of this sintering process.
As Figure 4-5 shows, CuMn2O4 and CuO are the major phases, however some minor phases
including Cu2O and MnO may be present.
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Figure 4-4: XRD pattern of CuMnO2 after hydrothermal process (before sintering)
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Figure 4-5: XRD pattern of CuMnO2 after sintering in air atmosphere at 400°C.

Differential scanning calorimetry (DSC) (done by DSC 204 F1 Phoenix-Netzsch) revealed that
the phase transition of CuMnO2 occurred about 260°C (in air) (see Figure 4-6).
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Figure 4-6: DSC measurement of CuMnO2 in air atmosphere.

So for phase stability, sintering of CuMnO2 powder was done under nitrogen atmosphere at
500 °C (heat rate 5°C/min, Dwell time 60 min). XRD characterization (Figure 4-7) shows that
this sintering regime provide phase stability of CuMnO2 at high temperature (at least to 500
°C); and CuMnO2 did not experience any phase transition as long as monoclinic crystal
structure is stable after sintering.
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Figure 4-7: CuMnO2 phase (JCPDF: [04-017-1231]) after Sintering under N2 at 500°C.
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Figure 4-8 compares X-ray diffraction patterns of CuMnO2 before sintering, after sintering in
air, and after sintering under N2.
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Figure 4-8: XRD patterns of CuMnO2 before sintering, after sintering in air, and after sintering under N2.

Table 4-2 represents peaks positions and crystal planes indexes information of CuMnO2 after
sintering under N2 at 500°C (based on XRD pattern shown in Figure 4-7). Table 4-3 represents
crystallographic analysis of sintered CuMnO2; and Figure 4-9 shows crystal simulation of this
semiconductor. All crystallographic analyses and crystal structure simulations (in the current
chapter) were done by Match 3 and Endeavour software using lattice parameters of crystals
calculated based on XRD pattern of the semiconductors.
Table 4-2: Peaks positions and crystal planes indexes information related to XRD pattern of CuMnO 2 (Figure 4-7)

Peaks (2θ)
31.25
32.96
35.32
36.92
39.86
40.31
47.66
51.68

hkl
002
-2 0 1
110
-1 1 1
-2 0 2
111
003
202

Peaks (2θ)
56.84
59.05
64.20
65.17
66.04
73.48
74.42
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hkl
-1 1 3
-3 1 1
113
004
-2 0 4
022
220

Table 4-3: Crystallographic analysis of CuMnO2 structure based on the XRD pattern.

Crystal formula

Cu2Mn2O4

Formula weight
Crystal system
Space group

300.97
Monoclinic
C12/m1 (no. 12)
a = 5.5945
b = 2.8845
c = 5.8935
α = γ = 90°
β = 103.97°
92.30 Ӑ3
5.141 g/cm3
mC8
ABX2
ida

Unit cell parameters

Unit cell volume
Density, calculated
Pearson code
Formula type
Wyckoff sequence

Figure 4-9: Crystal structure simulation of CuMnO2 by Endeavour.
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Crystal Size Analysis:
Crystal size analysis was done by Scherrer equation with taking 3 major peaks from XRD
pattern of each semiconductor (after annealing or sintering). Crystal size can be calculated by
Scherrer equation:
𝑡=

0.9𝜆
𝐵 cos 𝜃𝐵

(26)

where t is crystal size, λ represents wavelength of used X-ray in the measurement (= 0.1542
nm), B is width of diffraction peak at half maximum (Figure 4-10) which must be converted
from angle to radians.

Figure 4-10: The width of diffraction peak at half maximum.

So in terms of crystal size calculation of CuMnO2:
Peak 1: 2𝜃𝐵 =31.28°, and B1 = 0.17°;
Peak 2: 2𝜃𝐵 =32.96°, and B2 = 0.21°;
Peak 3: 2𝜃𝐵 = 36.92°, and B3 = 0.17°;

Regarding:
Rad = 0.01746 × angle
So:
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(27)

𝑡 1 (𝑛𝑚) =

0.9 × 0.1542𝑛𝑚
= 48.5 𝑛𝑚
0.01746 × 0.17 × 𝑐𝑜𝑠 15.6

𝑡 2 (𝑛𝑚) =

0.9 × 0.1542𝑛𝑚
= 39.4 𝑛𝑚
0.01746 × 0.21 × 𝑐𝑜𝑠 16.5

𝑡 3 (𝑛𝑚) =

0.9 × 0.1542𝑛𝑚
= 49.2 𝑛𝑚
0.01746 × 0.17 × 𝑐𝑜𝑠 18.5

crystal size: 45.7 ± 5.4 nm
The large crystal size of CuMnO2 is consequence of used synthesis approach (hydrothermal
method).
In the SEM studies, monoclinic CuMnO2 crystals are obvious; and crystallization is complete
due to hydrothermal method (Figures 4-11 and 4-12). Crystal size is about 45 nm which is
matched with Scherrer equation calculations done based on XRD measurements. It seems that
fine particles of CuMn2O4 (probably) with particles size of 10 nm were formed along with
CuMnO2 phase. Probably CuMn2O4 impurity was not distinguishable because of peaks
overlapping with CuMnO2.

Figure 4-11: SEM image of CuMnO2 with magnification of 100,000x.
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Figure 4-12: SEM image of CuMnO2 with magnification of 200,000x.

4.3. Synthesis and Characterization of CuInO2
For synthesis of CuInO2, ion-exchange reaction method introduced by M. Shimode et al. [84]
was used. In the current research, CuInO2 was synthesized by following reaction:
LiInO2 + CuCl

(28)

CuInO2 + LiCl

LiInO2 as precursor was synthesized by reaction of Li2O and In2O3 at 550°C for 110 hr in air
as Figure 4-13 show (JCPDF of LiInO2 phase: [04-006-2323]).
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Figure 4-13: XRD pattern of produced LiInO2 powder.
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85

3

2

Next, produced LiInO2 was mixed with CuCl in a dry process, and then a disc-shape sample
was made by pressing the powder. The moulded sample was then sealed in an evacuated silica
glass tube and heated at 360°C for 150 hr. The obtained powder was washed with distilled
water by sonication (5 rounds, each round 1hr) to leach out the remaining LiCl and then dried
at 120°C for 2 hr. XRD measurements (Figure 4-14) revealed that the powder produced by M.
Shimode et al. [84] includes CuInO2 (JCPDF: [01-70-6417]) as major phase, Cu2In2O5
(JCPDF: [04-014-3097]) as minor phase, and LiCl as impurity which was not removed
completely after 5 rounds washing. Table 4-4 represents peaks positions and crystal planes
indexes information of CuInO2 phase after sintering at 400°C for 30 min.
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Figure 4-14: Produced powder (by M. Shimode et al. [81] method) after sintering at 400°C for 30 min.

Table 4-4: Peaks positions and crystal planes indexes information of CuInO2 phase after sintering at 400°C for
30 min.

Peaks (2θ)
30.70
33.15
37.81
40.92
48.60
52.97

hkl
101
012
104
015
107
018

Peaks (2θ)
55.85
58.26
62.51
63.69
65.23
66.45
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hkl
110
113
1010
0012
116
202

The average crystal size was calculated based on the XRD pattern by Scherrer equation (Equ.
26) where:
Peak 1: 2𝜃𝐵 = 30.6°, and B1 = 0.17°; so t1(nm) = 48.5 nm
Peak 2: 2𝜃𝐵 = 32.6°, and B2 = 0.57°; so t2(nm) = 14.5 nm
Peak 3: 2𝜃𝐵 = 37.6°, and B3 = 0.28°; so t3(nm) = 30.0 nm
crystal size: 31 ± 17 nm
Table 4-5 shows crystallographic analysis of sintered CuInO2; and Figure 4-15 represents
crystal simulation of this semiconductor.
Table 4-5: Crystallographic analysis of sintered CuInO 2.

Crystal formula

Cu3In3O6

Formula weight

631.09

Crystal system

Trigonal (rhombohedral)

Space group

R-3m (no. 166)
a = b = 3.2901
c = 17.3820
α = β = 90°
γ = 120°
162.95 Ӑ3

Unit cell parameters

Unit cell volume

6.431 g/cm3

Density, calculated
Pearson code

hR4

Formula type

ABX2

Wyckoff sequence

cba

According to the SEM imaging shown in Figure 4-16 and Figure 4-17, the average particles
size of CuInO2 is 70-100 nm, and also the particles with size of 10 nm are LiCl probably. The
large particles size of CuInO2 is consequence of the used synthesis approach (Ion exchange solid state reaction). The large particles size of semiconductor results in limitation for dye
adsorption which is a significant disadvantage in terms of using in DSSC devices.
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Figure 4-15: Simulation of CuInO2 crystal structure.

Figure 4-16: SEM image of CuInO2 powder with magnification of 100,000x.
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Figure 4-17: SEM image of CuInO2 powder with magnification of 200,000x.

4.4. Synthesis and Characterization of CuO-NiO Nanocomposite
As explained in Chapter 3 (Section 3.2.3), although synthesis of CuNiO2 by hydrothermal or
sol-gel approaches was attempted, it was not successful. In terms of hydrothermal method, four
approaches of (1) [copper acetate + nickel acetate], (2) [copper nitrate + nickel nitrate], (3)
[copper acetate + nickel nitrate], and (4) [copper nitrate + nickel acetate] have been tried; and
obtained powders by all four approaches were separated NiO and CuO/Cu2O phases.
In terms of sol-gel method, according to the Table 4-6, 12 different approaches with copper
acetate, nickel acetate, copper nitrite, nickel nitrite, ethanolamine (EtA), triethanolamine, and
Tween 80 precursors have been tried, but CuNiO2 phase has not been obtained.
Table 4-6: Different sol-gel approaches to reach CuNiO2 phase

Precursors

XRD characterization results

copper acetate + nickel nitrate + ethanolamine

Amorphous phase or Cu-Ni metallic
phase after drying

copper acetate + nickel acetate + ethanolamine

NiO and CuO/Cu2O phases after drying

copper nitrate + nickel nitrate + ethanolamine

"

copper nitrate + nickel acetate + ethanolamine

"

copper acetate + nickel acetate + triethanolamine

"

copper nitrate + nickel nitrate + triethanolamine

"
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Precursors

XRD characterization results

copper acetate + nickel nitrate + triethanolamine

"

copper nitrate + nickel acetate + triethanolamine

"

copper acetate + nickel acetate + Tween 80

"

copper nitrate + nickel nitrate + Tween 80

"

copper acetate + nickel nitrate + Tween 80

"

copper nitrate + nickel acetate + Tween 80

"

From this, a successful sol-gel method for synthesis of CuO-NiO nanocomposite was designed
which is introduced by the current thesis however. In order to synthesis of CuO-NiO
nanocomposite by sol-gel method, copper acetate monohydrate (Cu(Ac)2.H2O), nickel nitrate
hexahydrate (Ni(Nit)2.6H2O), and ethanolamine were used as precursors.
In the first step, 1.6 mmol copper acetate monohydrate and 1.6 mmol nickel nitrate hexahydrate
were dissolved in 5 ml ethanol. Amount of ethanolamine (EtA) has been optimized to 3.2 mmol
(194 μL) as it will be explained below. The precursors were dissolved in ethanol and stirred
(1000 min-1) for 5.5 hr at room temperature. Then, temperature has been increased to 150⸰ C to
obtain a blue gel (about 20 min). The gel was dried at 150°C for 10 hr in drier.
Amount of EtA is very important in this process. Figure 4-18 shows XRD patterns related to
the different powders (after drying step) obtained by the sol-gel process with different amounts
of EtA. According to Figure 4-18, during this process, amorphous phase (gel structure) will be
formed, only if amount of EtA is 3.2 mmol (Figure 4-18, the red graph). In case of using the
less amount of EtA (1.5 mM), (Cu3Ni2)0.8 (JCPDF: [01-077-7711]) and NiO (JCPDF: [00-0011239]) will be formed (Figure 4-18, the black graph). On the other hand, by using high amount
of EtA (6.4 mM), metallic phase of Cu0.5Ni0.5 (JCPDF: [04-006-6358]) will be formed (Figure
4-18, the blue graph).
After drying the gel (amorphous powder synthesized using 3.2 mM EtA), finally, CuO-NiO
nanocomposite was synthesized by thermal annealing of amorphous gel at 500°C (a ramp rate
of 5°C /min), for 1 hr. Figure 4-19 shows this process schematically.
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Figure 4-18: XRD patterns related to the different powders (after drying step) obtained by the sol-gel process (in
order to synthesis of CuO-NiO nanocomposite) with different amounts of ethanolamine (ETA).

Figure 4-19: Synthesis of CuO-NiO nanocomposite by sol-gel approach.

Figure 4-20 shows CuO-NiO nanocomposite is crystalized after annealing the gel at 500°C
(dwell time: 1hr). This nanocomposite includes two phases: NiO (cubic structure) (JCPDF [04004-8992]), and CuO (monoclinic structure) (JCPDF [00-048-1548]).
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Figure 4-20: XRD pattern of CuO-NiO nanocomposite after annealing at 500°C

Table 4-7 represents peaks positions and crystal planes indexes information of CuO-NiO
nanocomposite based on XRD pattern shown in Figure 4-20.
Table 4-7: Peaks positions and crystal planes indexes information of CuO-NiO nanocomposite.

Peaks (2θ)

hkl

35.44

CuO, [1 1 -1]

37.16

NiO, [1 1 1]

38.64

CuO, [1 1 1]

43.10

NiO, [2 0 0]

48.66

CuO, [2 0 -2]

58.27

CuO, [2 0 2]

61.53

CuO, [1 1 -3]

62.59

NiO, [2 2 0]

66.12

CuO, [2 2 0]

68.22

CuO, [3 1 -1]
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In terms of crystal size calculation of NiO in CuO-NiO nanocomposite based on Scherrer
equation (Equ. 26):
Peak 1: 2𝜃𝐵 = 37.16°, and B1 = 0.83°; t1 = 10.1 nm
Peak 2: 2𝜃𝐵 = 43.10°, and B2 = 1.05°; t2 = 8.1 nm
Peak 3: 2𝜃𝐵 = 62.59°, and B3 = 1.13°; t3 = 8.2 nm
crystal size: 8.8 ± 1.1 nm.
Also crystal size of CuO in CuO-NiO nanocomposite can be calculated:
Peak 1: 2𝜃𝐵 = 35.44°, and B1 =0.50 °; so t1 = 16.7 nm
Peak 2: 2𝜃𝐵 = 38.64°, and B2 = 0.53°; so t2 = 15.9 nm
Peak 3: 2𝜃𝐵 = 48.66°, and B3 = 0.85°; so t3 = 10.3 nm
Average crystal size: 14.3 ± 4.6 nm
Furthermore, Table 4-8 represents crystallographic analysis of NiO and CuO in CuO-NiO
nanocomposite structure. Also Figures 4-21 and 4-22 show simulation of crystal structure of
NiO and CuO in CuO-NiO nanocomposite structure respectively.
Table 4-8: Crystallographic analysis of CuO-NiO nanocomposite structure based on the XRD pattern.

Crystal formula

Cu4O4

Ni4O4

Formula weight

318.18

298.76

Crystal system

Monoclinic

Cubic

Space group

C12/c1 (no. 15)

Unit cell volume

a = 4.6883 Ӑ
b = 3.4229 Ӑ
c = 5.1319 Ӑ
α = γ = 90°
β = 99.51°
81.22 Ӑ3

Density, calculated

6.505 g/cm3

Unit cell parameters

Fm-3m (no. 225)
a = b = c = 4.1944 Ӑ
α = β = γ = 90°

73.79 Ӑ3
6.723 g/cm3

Pearson code

mC8

cF8

Formula type

AX

AX

Wyckoff sequence

ed

ba
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Figure 4-21: Crystal simulation of NiO in CuO-NiO nanpcomposite.

Figure 4-22: Crystal simulation of CuO in CuO-NiO nanpcomposite.
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Figures 4-23 and 4-24 which are SEM images of CuO-NiO nanocomposite (with
magnifications of 100,000x and 200,000x respectively) describe morphology information of
the semiconductor. According to these figures, average particle is 20-30 nm with narrow
particle size distribution. Fine particle size, and narrow particle size distribution are the
advantages which are resulted in because of sol-gel synthesis method. Semiconductor with fine
particles brings the benefit of higher dye adsorption and consequently the better photovoltaic
performance in terms of using in DSSC devices.

Figure 4-23: SEM image of CuO-NiO nanocomposite with magnification of 100,000x.

Figure 4-24: SEM image of CuO-NiO nanocomposite with magnification of 200,000x.
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4.5. Synthesis and Characterization of Cu3Mn3O8
Synthesis of Cu3Mn3O8 was performed using a modified version of the process (sol-gel
method) reported by Chen et al. (2014) [85] to obtain Cu1.1Mn0.9O2. In this process, 1.6 mmol
copper acetate monohydrate (Cu(Ac)2.H2O) and the same amount of manganese(III) acetate
tetrahydrate (Mn(CH3COO)3.4H2O), were dissolved in 5 mL of ethanol and then 830 mg
triethanolamine was added to the solution. The solution was stirred (1000 min-1) for 2 hr. Then
precursor was spin-coated onto quartz (for characterization) / FTO (for device fabrication)
substrates at 2000 rpm for 1 min. Next, the coated thin film was annealed at 500°C in air for 1
hr at a ramp rate of 5°C /min. Figure 4-25 shows the major steps of this method schematically.
XRD measurements show crystallization of Cu3Mn3O8 phase (JCPDF: [04-007-6753]) after
annealing at 500°C (Figure 4-26).

Figure 4-25: Synthesis of Cu3Mn3O8 by spin coating-sol-gel Method.
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Figure 4-26: XRD pattern of synthesized Cu3Mn3O8 film.
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The peaks positions and crystal planes indexes information are presented in Table 4-9.
Table 4-9: Peaks positions and crystal planes indexes information of Cu 3Mn3O8 XRD pattern.

Peaks (2θ)
30.63
35.93
43.96
57.84
63.43

hkl
220
311
400
511
440

Average crystal size was calculated 10 nm based on the XRD pattern:
Peak 1: 2𝜃𝐵 = 35.93°, and B1 = 0.65°; so t1(nm) = 12.8 nm
Peak 2: 2𝜃𝐵 = 57.84°, and B2 = 1.05°; so t2(nm) = 8.6 nm
Peak 3: 2𝜃𝐵 = 63.43°, and B3 = 0.96°; so t3(nm) = 9.7 nm
crystal size: 10.4 ± 2.1 nm
Also crystal simulation done by Endeavour revealed that Cu3Mn3O8 was crystallized to cubic
system as represented in Table 4-10 and Figure 4-27.
Table 4-10: Crystallographic analysis of Cu3Mn3O8 based on the XRD pattern.

Crystal formula
Formula weight
Crystal system
Space group

Mn12Cu12O32
1933.79
Cubic
P4332 (no. 212)
a = b = c = 8.2800 Ӑ
α = β = γ = 90°
567.66 Ӑ3
5.656 g/cm3
cP56
AB2C3X8
edc2a

Unit cell parameters
Unit cell volume
Density, calculated
Pearson code
Formula type
Wyckoff sequence

SEM imaging show that extra fine particles (about 10-20 nm) are formed due to sol-gel - spin
coating method. Based on what Figures 4-28 and 4-29 show about morphology of Cu3Mn3O8
film, non-porous microstructure of the films resulted from the high aggregated particles, along
with low crystal growth is observable.
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Quartz Glass Substrate

Figure 4-27: Crystal simulation of Cu3Mn3O8.

Cu3Mn3O8 Film
(Dense structure due to high aggregated
particles)

The edge of film

Figure 4-28: SEM image of Cu3Mn3O8 with magnification of 100,000x.
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Figure 4-29: SEM image of edge of Cu3Mn3O8 film on quartz glass substrate with magnification of 200,000x.

4.6. Synthesis and Characterization of Cu2NiMn3O8
Synthesis of Cu2NiMn3O8 was also done by spin-coating-sol-gel method based on the
technique described for synthesis of Cu3Mn3O8 in the previous section; partially nickel nitrate
hexahydrate (Ni(Nit)2.6H2O) was participated in the reaction. This method is introduced by the
current thesis for the first time.
In order to prepare the precursor solution, at first, 1.0 mmol copper acetate monohydrate
(Cu(Ac)2.H2O), and 1.5 mmol manganese (III) acetate tetrahydrate (Mn(CH3COO)3.4H2O)
were dissolved in 5 mL of ethanol, and then 830 mg triethanolamine was added to the solution
(stirred (1000 min-1) for 2 hr). Finally, 0.5 mmol nickel nitrate hexahydrate (Ni(Nit)2.6H2O)
was added to this solution. Spin coating and annealing parameters were the same as what was
described for synthesis of Cu3Mn3O8.
According to the Figure 4-30, crystallization of Cu2NiMn3O8 phase (JCPDF: [04-002-3759])
was successful after annealing at 500°C. Table 4-11 represents the peaks positions and crystal
planes indexes information of Cu2NiMn3O8 XRD pattern. Also crystal simulation done by
Endeavour revealed that Cu2NiMn3O8 was crystallized to cubic system (like Cu3Mn3O8) as
Table 4-12 and Figure 4-31 show.
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Figure 4-30: XRD pattern of Cu2NiMn3O8 film.

Table 4-11: Peaks positions and crystal planes indexes information of Cu2NiMn3O8 XRD pattern.

Peaks (2θ)
30.63
35.90
37.60
43.85
54.36
57.80
63.79

hkl
200
311
222
400
422
511
440

Furthermore, the average crystal size was calculated 11 nm based on the XRD pattern:
Peak 1: 2𝜃𝐵 = 35.90°, and B1 = 0.73°; so t1(nm) = 11.4 nm
Peak 2: 2𝜃𝐵 = 57.80°, and B2 = 0.77°; so t2(nm) = 11.8 nm
Peak 3: 2𝜃𝐵 = 63.94°, and B3 = 0.86°; so t3(nm) = 10.9 nm
crystal size: 11.3 ± 1.1 nm
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Table 4-12: Crystallographic analysis of Cu2NiMn3O8.

Crystal formula

Ni8Cu16Mn8O32

Formula weight

2437.74

Crystal system

Cubic

Space group

Fd-3m (no. 227)
a = b = c = 8.2800 Ӑ
α = β = γ = 90°
567.66 Ӑ3

Unit cell parameters
Unit cell volume

7.130 g/cm3

Density, calculated
Pearson code

cF64

Formula type

ABC2X4

Wyckoff sequence

ecba

Figure 4-31: Crystal simulation of Cu2NiMn3O8
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As SEM images of Cu2NiMn3O8 show, morphology of Cu2NiMn3O8 is similar to Cu3Mn3O8.
According Figures 4-32 and 4-33, extra fine particles (about 10-20 nm) with high aggregation
formed a non-porous and dense microstructure. The SEM images were taken from edge of the
film (on the quartz substrate). This non-porous, high aggregated and dense microstructure
results in limitation for dye adsorption which is a remarkable disadvantage in terms of using in
DSSC devices.

Figure 4-32: SEM image of Cu2NiMn3O8 with magnification of 100,000x.

Figure 4-33: SEM image of Cu2NiMn3O8 with magnification of 200,000x.
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4.7. Characterization of NiO (US Nano Research)
NiO (US Nano Research) paste used in the current project was sintered at 400°C for 30, and
then XRD and SEM characterizations were done. XRD characterization (Figure 4-34) revealed
cubic crystal system of NiO (JCPDF: ([04-006-1675]) phase with the average crystal size of
14.6 nm calculated by scherrer equation:
Peak 1: 2𝜃𝐵 = 37.27°, and B1= 0.58°, so t1= 14.4 nm;
Peak 2: 2𝜃𝐵 = 43.31°, and B2= 0.55°, so t2 = 15.5 nm;
Peak 3: 2𝜃𝐵 = 62.73°, and B3= 0.66°, so t3 = 14.1. nm.
crystal size: 11.3 ± 0.7 nm

Also Table 4-13 and Figure 4-35 represent crystallographic analysis and crystal simulation of
sintered NiO done by Endeavour software.

NiO after sintering
8000

[2 0 0]
6000

Intensity

[1 1 1]
4000

[2 2 0]
2000

0

20

25

30

35

40

45

50

55

60

65

70

2
Figure 4-34: XRD pattern of sintered NiO (US Nano Research).
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Table 4-13: Crystallographic analysis information related to sintered NiO (US Nano Research).

Crystal formula
Formula weight
Crystal system
Space group

Ni4O4
298.76
Cubic
Fm-3m (no. 225)
a = b = c = 4.1840 Ӑ
α = β = γ = 90°
73.24 Ӑ3
6.723 g/cm3
cF8
AX
ba

Unit cell parameters
Unit cell volume
Density, calculated
Pearson code
Formula type
Wyckoff sequence

Figure 4-35: Crystal simulation of sintered NiO (US Nano Research).

According to Figures 4-36 and 4-37, SEM characterization shows that the average particles
size of NiO after sintering at 400°C is between 10 to 15 nm (with a narrow particles size
distribution and porous microstructure).
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Figure 4-36: : SEM image of NiO (US Nano Research) after sintering at 400°C (magnification: 100,000x).

Figure 4-37: SEM image of NiO (US Nano Research) after sintering at 400°C (magnification: 200,000x).

To sum up, in terms of DSSCs application, CuO-NiO nanocomposite, Cu3Mn3O8 and
Cu2NiMn3O8 which have fine particles bring the benefit of higher dye loading compared to
CuInO2 and CuMnO2 with the larger particles. On the other hand, non-porous, high aggregated
and dense microstructure of Cu3Mn3O8 and Cu2NiMn3O8 may lead to some limitations for dye
loading.
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5. CHAPTER 5: Properties of the Semiconductor Films
5.1. Uniformity, Appearance and Thickness of the Films
In this chapter, features of the deposited films are investigated. These properties include
thickness of the films, capability of the films in adsorption of the dyes (P1 and PMI-6T-TPA),
band gap, and top of valance band edge of the semiconductor films.
Figure 5-1 shows the films coated on quartz glass by blade and spin coating methods.
Profilometry measurements of the films were done by Veeco Dektak 150. The deposited films
using spin coating method had good uniformity before sintering. However, in the sintering
procedure, by decomposition of triethanolamine, some holes were created. Table 5-1 represents
average thickness of the films.

Figure 5-1: Appearance of the films coated by blade coating and spin coating methods.
Table 5-1: Average thickness of the films measured by profilometry method.

Thin Film

Coating Method

Ave. Thickness

NiO

Screen Printing

2 µm

CuO-NiO-Nanocomposite

Blade Coating

2.5 µm

CuMnO2

Blade Coating

1.5 µm

CuInO2

Blade Coating

3 µm

Cu2NiMn3O8

Spin Coating

200 nm

Cu3Mn3O8

Spin Coating

170 nm
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According to the Table 5-1, NiO (coated by screen printing method), CuO-NiO nanocomposite,
CuMnO2 and CuInO2 (coated by blade coating method) have thickness about 1.5 - 3.0 µm, and
Cu2NiMn3O8 and Cu3Mn3O8 films are thinner (about 200 nm) because they were coated by
spin coating of solutions.
Also optical microscopy imaging of the films was done using Leica M250 A, in magnification
of 125x for characterization of uniformity and appearance of the films (Figure 5-2). In terms
of uniformity of the films, NiO, CuInO2, and CuMnO2 (Figure 5-2 (a), (c) and (d) respectively)
have good uniformity. CuO-NiO nanocomposite film Figure 5-2 (b) has some non-uniform
parts because of decomposition of ethanolamine and crystallization of the amorphous gel to
form the nanocomposite structure. Also as Figure 5-2 (e) and (f) shows, Cu2NiMn3O8 and
Cu3Mn3O8 films have some holes on their structure which may be due to decomposition of
triethanolamine during annealing process.

Figure 5-2: Optical microscopy images of (a) NiO, (b) CuO-NiO nanocomposite, (c) CuInO2, (d) CuMnO2, (e)
Cu3Mn3O8, and (e) Cu2NiMn3O8 films (magnification: 125x).
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5.2. Dye Loading of Semiconductors
Measurement of amount of dye molecules attached to the surface of semiconductors is
important for analysis of photovoltaic performance of the DSSC devices. As explained in
chapter 3 (Section 3.3.3), for this investigation, UV-Vis spectroscopy was done for all
semiconductor films (coated on quartz glass) before and after immersion in dyes baths (P1 and
PMI-6T-TPA) for 48 hrs.
The spectroscopy measurements were done based on transmission mode, and optical
absorption spectra of adsorbed dye on the semiconductor surface were plotted based on
Equations 29 and 30
𝐴% = 100 − 𝑇% ;

(29)

𝐴% = (1 − 10−𝐴𝑏𝑠 ) × 100%;

(30)

Where T% is transmission percentage, A% shows absorption percentage, and Abs is
absorbance (measured in abs units).
Before investigation of absorption spectra of adsorbed dye on the semiconductor, studying
absorbance spectra of the dyes (P1 and PMI-6T-TPA) in solution state (in ethanol and DMA
respectively) is necessary. According to the Figure 5-3, P1 has optical absorbance at the
wavelengths of 344 and 492 nm; and PMI-6T-TPA dye has absorbance peaks in the range of
415-515 nm.
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PMI-6T-TPA

Abs.

1.0
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Figure 5-3: Absorbance spectra of P1 and PMI-6T-TPA in solution state.
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5.2.1. Adsorption of P1 on the semiconductor surface
It is noted that following graphs provide a comparison between dye adsorption capability of
different semiconductors. At first, quartz glass was immersed in the P1 bath, and according to
Figures 5-4 and 5-5, adsorption of P1 bound to the quartz glass to give an absorption of 7.8%
at wavelength of 500 nm.
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Figure 5-4: Transmission spectra of quartz glass before and after immersion in the P1 bath.
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Figure 5-5: Absorption spectrum of P1 adsorbed on quartz glass.
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As Figures 5-6 and 5-7 show, the highest capability of P1 dye adsorption belongs commercial
NiO. US Nano Research NiO enjoys suitable microstructure and porosity (see US Nano
Research NiO SEM imaging (Figures 4-37 and 4-38)) to adsorb maximum amount of the dye,
where the absorption percentage of adsorbed P1 on this film is 87% at wavelength of 494 nm.
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Figure 5-6: Transmission spectra of NiO coated on quartz glass before and after immersion in the P1 bath.
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Figure 5-7: Absorption spectrum of P1 adsorbed on NiO surface.
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This capability to adsorb high amount of dye molecules results in a good photovoltaics
performance (particularly obtaining high JSC) for DSSCs with this semiconductor as
photocathode electrode.
Figure 5-8 represents transmission spectra of CuO-NiO nanocomposite semiconductor coated
on quartz glass before and after immersion in the P1.
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Figure 5-8: Transmission spectra of CuO-NiO nanocomposite coated on quartz glass before and after immersion
in the P1 bath.

According to Figures 5-8, transmission percentage of CuO-NiO nanocomposite semiconductor
along with quartz glass substrate in the wavelength range of 450-500 nm is about 73%. The
wavelength range 450-500 nm is important in terms of photovoltaic performance of DSSC
devices because both P1 and PMI-6T-TPA dyes have maximum absorption in this range. High
transparency for this semiconductors is a remarkable advantage in terms of using in DSSCs.
Figure 5-9 shows absorption spectrum of P1 adsorbed on the CuO-NiO nanocomposite
semiconductor surface. According to this figure, the percentage of light absorbed by P1 on
CuO-NiO nanocomposite film is 5% at wavelength of 509 nm.
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Figure 5-9: Absorption spectrum of P1 adsorbed on CuO-NiO nanocomposite surface.

Figure 5-10 and Figure 5-12 represent transmission spectra of CuMnO2 and CuInO2
semiconductors coated on quartz glass before and after immersion in the P1 respectively. Also
Figure 5-11 and Figure 5-13 show absorption spectra of P1 adsorbed on CuMnO2 and CuInO2
films respectively.
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Figure 5-10: Transmission spectra of CuMnO2 coated on quartz glass before and after immersion in the P1 bath.
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Figure 5-11: Absorption spectrum of P1 adsorbed on CuMnO2 surface.
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Figure 5-12: Transmission spectra of CuInO2 coated on quartz glass before and after immersion in the P1 bath.
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Figure 5-13: Absorption spectrum of P1 adsorbed on CuInO2 surface.

According to the presented Figures 5-10 and 5-13, P1 dye adsorption capability of CuMnO2
and CuInO2 films is weak. As discussed in Chapter 4 (Sections 4.2 and 4.3), these
semiconductors have large particles size (See SEM characterizations presented in Figures 4-12
- 4-13 and Figures 4-17 - 4-18). Also non-porous structure of the films can play a negative role
in dye adsorption capability of CuMnO2 and CuInO2 semiconductors. This shortcoming affects
photovoltaic performance of DSSC devices which are made based on these semiconductors.
Figures 5-14 and 5-15 show transmission spectra of Cu3Mn3O8 and Cu2NiMn3O8
semiconductors coated on quartz glass before and after immersion in the P1 respectively.
According to these figures, transmission percentage of Cu3Mn3O8 and Cu2NiMn3O8 films
(deposited on quartz) in the wavelength range of 450-500 nm is about 30-35%.
Regarding deposition of these semiconductors was done by spin-coating method, and thickness
of these films is maximum 200 nm which is one-tenth of thickness of the other semiconductors
(see Table 5-1), it can be claimed that the transparency of Cu3Mn3O8 and Cu2NiMn3O8 is
significantly low. High absorption of these semiconductors is a major shortcoming in terms of
using in DSSC technology.
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Figure 5-14: Transmission spectra of Cu3Mn3O8 coated on quartz glass before and after immersion in the P1
bath.
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Figure 5-15: Transmission spectra of Cu2NiMn3O8 coated on quartz glass before and after immersion in the P1
bath.
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Also Figures 5-16 and 5-17 show absorption spectra of P1 adsorbed on Cu3Mn3O8 and
Cu2NiMn3O8 films respectively. According to these figures, the absorption percentages of
adsorbed P1 on Cu3Mn3O8 and Cu2NiMn3O8 films are 21% and 23% at wavelength of 505 and
501 nm respectively.
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Figure 5-16: Absorption spectrum of P1 adsorbed on Cu3Mn3O8 surface.
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Figure 5-17: Absorption spectrum of P1 adsorbed on Cu2NiMn3O8 surface.
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Figure 5-18 compares absorption peak regions of P1 bound to the different semiconductors.
The peaks are so close located in the wavelength region of 490-500 nm. The negligible
difference in the peak locations is related to dye attachment to the semiconductor surface,
semiconductor band structure and light harvesting.
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Figure 5-18: Absorption peak regions of P1 bound to the different semiconductors.

According to the presented spectra (Figures 5-8 - 5-17), P1 adsorption capability of the
synthesized semiconductors is in a relationship with particles size as Figure 5-19 show.
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Figure 5-19: Relationship between average particles size of semiconductors and P1 dye adsorption capability of
the semiconductors.
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Where semiconductors with the finer particle size show the better dye adsorption. However,
in comparison to the commercial nickel oxide, dye adsorption capability of Cu3Mn3O8 and
Cu2NiMn3O8 is significantly weaker due to non-porous microstructure of the films resulted
from the high aggregated particles (see Figures 4-29 - 4-30 and Figures 4-33 - 4-34).

Cu3Mn3O8 & Cu2NiMn3O8 > CuO-NiO nanocomposite > CuMnO2 > CuInO2;

The higher P1 dye adsorption capability, the finer particle size

5.2.2. Adsorption of PMI-6T-TPA on the semiconductor surface
Adsorption of PMI-6T-TPA on quartz glass, NiO, CuO-NiO nanocomposite, CuMnO2 and
CuInO2 was investigated as Figure 5-20 - 5-29 show. According to the results, it can be claimed
that adsorption of P1 is higher than PMI-6T-TPA on the semiconductors. This claim is
completely observable in Figure 5-20 and Figure 5-22 where the absorption spectra of adsorbed
PMI-6T-TPA dye on the quartz glass and NiO film are presented.
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Figure 5-20: Transmission spectra of quartz glass before and after immersion in the PMI-6T-TPA bath.
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Figure 5-21: Absorption spectrum of PMI-6T-TPA adsorbed on quartz glass.
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Figure 5-22: Transmission spectra of NiO coated on quartz glass before and after immersion in the PMI-6T-TPA
bath.
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Figure 5-23: Absorption spectrum of PMI-6T-TPA adsorbed on NiO surface.
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Figure 5-24: Transmission spectra of CuO-NiO nanocomposite coated on quartz glass before and after
immersion in the PMI-6T-TPA bath.
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Figure 5-25: Absorption spectrum of PMI-6T-TPA adsorbed on CuO-NiO nanocomposite surface.
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Figure 5-26: Transmission spectra of CuMnO2 coated on quartz glass before and after immersion in the PMI-6TTPA bath.
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Figure 5-27: Absorption spectrum of PMI-6T-TPA adsorbed on CuMnO2 surface.
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Figure 5-28: Transmission spectra of CuInO2 coated on quartz glass before and after immersion in the PMI-6TTPA bath.
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Figure 5-29: Absorption spectrum of PMI-6T-TPA adsorbed on CuInO2 surface.

Figure 5-30 compares absorption peak regions of PMI-6T-TPA bound to the different
semiconductors. The significant shift in the peak locations is not only related to dye attachment,
semiconductor band structure and light harvesting, but also because of noise in the spectra.
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Figure 5-30: Absorption peak regions of PMI-6T-TPA bound to the different semiconductors.

Similar to what was discussed about P1 adsorption, CuO-NiO nanocomposite with finer
average particles size (25 nm) had higher capability to adsorb PMI-6T-TPA (15%), in
comparison to CuMnO2 and CuInO2 with larger particles size (larger than 50 nm) (absorption
of adsorbed dye less than 3%).
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CuO-NiO nanocomposite > CuMnO2 & CuInO2;
The higher PMI-6T-TPA dye adsorption capability, the finer particle size

Figure 5-31 compares absorption percentage of adsorbed P1 and PMI-6T-TPA on the surface
of different semiconductors.
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Figure 5-31: Peak absorption (percentage) of P1 and PMI-6T-TPA on the surface of different semiconductors.

5.3. The Band Gaps Determination of Semiconductors
Band gaps determination of semiconductors was done by UV-Vis spectroscopy (transmittances
were measured between 300 nm and 800 nm) based on Tauc Plot method [73]. In terms of
sample preparation, semiconductors were coated on the quartz glass and then sintering
/annealing process was done (as discussed in Chapter 3 (Table 3-1)). Optical band gaps are
estimated by using intersection of tangent lines before and after threshold in the plot of [(αhν)2]
versus [hν (= E(eV)]. Figure 5-32 - 5-37 show band gaps determination of all semiconductors
including NiO, CuO-NiO nanocomposite, CuMnO2, Cu3MN3O8, Cu2NiMn3O8, and CuInO2
respectively. In terms of plotting [(αhν)n] versus [hν], n was considered 2, in order to plotting
fitting curves. Because there is no sharp threshold slope in some curves such as the curves
related to CuO-NiO nanocomposite (Figure 5-33), CuMnO2 (Figure 5-34), and CuInO2 (Figure
5-37), there is a deal of uncertainty about the band gap determination. For example, band gap
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of CuMnO2 which is determined 2.8 eV in the current research is reported 1.7 eV by N.
Benreguia et al. (2016) [86].
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Figure 5-32: The band gap determination of NiO.
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Figure 5-33: The band gap determination of CuO-NiO nanocomposite.
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Figure 5-34: The band gap determination of CuMnO2.
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Figure 5-35: The band gap determination of Cu3Mn3O8.
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Figure 5-36: The band gap determination of Cu2NiMn3O8.
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Figure 5-37: The band gap determination of CuInO2.
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5.4. The Valence Bands Determination of Semiconductors
As discussed before, spectroelectrochemistry (SEC) method was employed to estimate flatband potentials which are assumed to approximate VB edge for p-type semiconductors. In the
following graphs, flat-band potentials of semiconductors are calculated from the optical
absorbance changes of semiconductor films as function of different potentials in an
electrochemical cell setup (see Figure 3-5 in Chapter 3).
In terms of sample preparation, semiconductors were coated on the FTO glass and then
sintering /annealing process was done (as discussed in Chapter 3 (Table 3-1)). Figure 5-38
shows there is no change in absorption spectra of bare FTO under different potentials (100,
1000, 1900 mV vs. Ag/AgCl) in SEC setup.
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Figure 5-38: Absorption spectra of bare FTO under different potentials (100, 1000, 1900 mV vs. Ag/AgCl) in SEC
setup.

Figure 5-39 and Figure 5-40 show absorbance spectra of NiO under different potentials, and
valence band estimation of NiO by using absorbance changes of NiO at 625 nm as function of
applied potential respectively. In order to SEC of p-type semiconductors, the onset potential of
the significant change of absorbance lays to the top of the valence band (VB) of semiconductor.
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Figure 5-39: Absorbance spectra of NiO under different potentials (0-1100 mV vs. Ag/AgCl) in SEC setup.
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Figure 5-40: Valence band estimation of NiO by using absorbance changes of NiO at 625 nm as function of
applied potential.
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According to the Figure 5-40, the onset potential of the significant change of absorbance for
NiO film lays to 0.340 V vs. Ag/AgCl; so regarding pH of used buffer is 6, valence band
potential versus NHE can be calculated as:
E = 0.340 V vs Ag/AgCl;
E(RHE) = EAg/AgCl + 0.059 pH + E0Ag/AgCl ;
E0Ag/AgCl = 0.1976 V;
E(RHE) = 0.340 + (0.059 × 6) + 0.1976 = 0.8916 V;
E(RHE) = E(NHE) + 0.05916 pH;
So E = 0.536 V vs NHE;
General equation in case of using Ag/AgCl as reference electrode for electrolyte with pH = 6
is:
E(NHE) (V) = EAg/AgCl (V) + 0.196

(31)

SEC measures absorption changes resulting from filling of states of the semiconductor via
selective injection of electrons/holes by applying electrochemical bias. In other words,
simultaneous spectral changes by applying different potentials reveals the energetic location of
these states along with the energies of the associated optical transitions [21]. The intensity of
absorption spectra is increased as well as changing colour of NiO from brown to black with
applied positive potentials.
The changes in colour of NiO film is because of changing Ni2+ to Ni3+ species during oxidation
process. Oxidation of Ni2+ to Ni3+ results in increase of the unpaired 3d electrons (from two to
three), which in turn leads to the weak d-d* absorption. Finally, after applying bias potential,
the reactions were reversible. [24]
Figures 5-41- 5-46 show absorbance spectra of CuO-NiO nanocomposite, CuInO2 and
CuMnO2 under different potentials, and the valence bands estimation of these semiconductors
as function of applied potential. According to these figures, top of the valence bands of CuONiO nanocomposite, CuInO2 and CuMnO2 lays to 1.1, 1.6, and 1.8 V vs. NHE respectively.
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Figure 5-41: Absorbance spectra of CuO-NiO nanocomposite under different potentials (0-1400 mV vs. Ag/AgCl)
in SEC setup.
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Figure 5-42: Valence band estimation of CuO-NiO nanocomposite by using absorbance changes of the
semiconductor film at 580 nm as function of applied potential.
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Figure 5-43: Absorbance spectra of CuInO2 under different potentials (100-1600 mV vs. Ag/AgCl) in SEC setup.
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Figure 5-44: Valence band estimation of CuInO2 by using absorbance changes of the semiconductor film at 555
nm as function of applied potential.
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Figure 5-45: Absorbance spectra of CuMnO2 under different potentials (200-1900 mV vs. Ag/AgCl) in SEC setup.
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Figure 5-46: Valence band estimation of CuMnO2 by using absorbance changes of the semiconductor film at
564 nm as function of applied potential.
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The behaviour of Cu3Mn3O8 and Cu2NiMn3O8 under applying potential in SCE measurements
is completely different in comparison to the other semiconductors (studied in the current
research). The intensity of absorption spectra is decreased as well as permanent changes in
colour of both Cu3Mn3O8 and Cu2NiMn3O8 from black to brown with applied positive
potentials as Figure 5-47 - 5-50 show.
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Figure 5-47: Absorbance spectra of Cu3Mn3O8 under different potentials (200-1000 mV vs. Ag/AgCl) in SEC
setup.
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Figure 5-48: Absorbance spectra of Cu2NiMn3O8 under different potentials (200-1100 mV vs. Ag/AgCl) in SEC
setup.
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Figure 5-49: Changing colour of Cu3Mn3O8 after applying 1200 mV in SEC setup.

Figure 5-50: Changing colour of Cu2NiMn3O8 after applying 100, 500, 1000, and 1300 mV in SEC setup.

These reactions are not reversible (in contrast to the SEC measurements of the other
semiconductors). Changing colour is a permanent phenomenon; and after stopping applying
potential, it does not back to the primary colour. The permanent changes in the colour by
applying potential can be related to de-doping. In future studies, using Raman spectroscopy in
the SEC setup can reveal more details about changes in semiconductor structure under applying
potential.
Figure 5-51 and Figure 5-52 represent valence band estimation of Cu3Mn3O8 and Cu3NiMn3O8
by using absorbance changes of the semiconductor film at 700 and 680 nm as function of
applied potential respectively. However, based on what was discussed, estimated values as
valence bands of Cu3Mn3O8 and Cu2NiMn3O8 are not reliable.
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Figure 5-51: Valence band estimation of Cu3Mn3O8 by using absorbance changes of the semiconductor film at
700 nm as function of applied potential.
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Figure 5-52: Valence band estimation of Cu3NiMn3O8 by using absorbance changes of the semiconductor film at
680 nm as function of applied potential.
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Table 5-2 compares VBM calculated based on band structure computation by DFT with VBM
measured by SEC method. Also Table 5-3 and Figure 5-53 summarize the band edge potentials
of synthesized semiconductors.
Table 5-2: Comparison of VBM calculated based on band structure computation by DFT with VBM values
measured by SEC method.

Semiconductor

CuInO2
CuMnO2

Calculated VBM based on band
structure computation by DFT
Based on s orbital Based on s orbital
of Cu
of O
(Vacuum Scale)
(Vacuum Scale)
-6.1
-6.7
-6.1
-7.0

VBM measured
by SEC method
(Vacuum Scale)
-6.10
-6.36

Table 5-3: The band edge potentials information of synthesized semiconductors.

Semiconductor
NiO
Cu2NiMn3O8
Cu3Mn3O8
CuO-NiO
nanocomposite
CuInO2
CuMnO2

Valence band
(vacuum scale)
- 5.03
- 5.17
- 5.33

Conduction band
(vacuum scale)
-1.73
-2.07
-2.27

-5.60

-2.8

2.80

-6.10
-6.36

-3.3
-3.96

2.80
2.40
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3.30
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Figure 5-53: The band edge potentials of synthesized semiconductors.
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CuMnO2

-5.03
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CuInO2
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-2.27

CuO-NiO
Nanocomposite

-4

-2.07

Cu3Mn3O8

-3

NiO

E (Vacuum Scale)

-2

Cu2NiMn3O8

-1.73

-6.36

The band energy potentials of CuO-NiO nanocomposites may be affected by mutual doping of
copper in NiO, and nickel in CuO. Mutual doping and its effect on the properties of ceramic
composites was reported in the literatures already [87]. It would serve as the basis for a new
block of future work around creating NiO doped with a little bit of copper, and CuO doped
with a little bit of Ni as well as pure CuO and pure NiO using sol-gel approach, for investigation
of mutual doping in CuO-NiO nanocomposite. For investigation of this hypothesis in future
research, a qualitative chemical analysis technique such as x-ray photoelectron spectroscopy
(XPS) or energy dispersive spectroscopy (EDS) should be employed.
As Figure 5-53 shows, all semiconductors synthesized during this research have valence band
edge deeper than that of NiO. It demonstrates the primary target of this thesis to reach the
semiconductors with deeper VB is achieved. Also according to Table 5-3, the measured VBs
of synthesized CuInO2 and CuMnO2 are match with the values calculated based on band
structure computation by DFT.
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6. CHAPTER 6: The Photovoltaic Performance of p-DSSC
Devices
As discussed in Chapter 3 (Section 3.4.3) in all the devices made in this research project,
counter electrode (Pt catalyst) and electrolyte were constant. The variable parts were the
semiconductor part including (NiO, CuO-NiO nanocomposite, CuMnO2, Cu3Mn3O8,
Cu2NiMn3O8 and CuInO2), and also the sensitizer part (P1 and PMI-6T-TPA (discussed in
Section 2.4.1)). What follows is a discussion about photovoltaic performance of each group (pDSSCs with P1 and devices with PMI-6T-TPA).

6.1. The Photovoltaic Performance of p-DSSC Devices with Dye P1
In the first step, all semiconductors were used in combination with P1 as sensitizer for
fabrication of 6 series of p-DSSC cells. For each series, 5-15 devices were fabricated as Figure
6-1 show.

Figure 6-1: p-DSSC devices with dye P1 (and different semiconductors).

6.1.1. p-DSSC Devices with NiO_P1 Photocathode Electrode
Table 6-1 summarizes results of PCE characterization of p-DSSCs with NiO_P1 as
photocathode electrode (average values of 15 devices). These devices were made on different
days to check consistency between different days, and photovoltaic performance of devices
made on different days was similar. Fabrication of NiO_P1-based p-DSSCs is done as control
and has been reported multiple times in the literature (see Table 2-2). According to Table 6-1,
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average obtained VOC is 85 mV and the best devices reached to 110 mV. Figure 6-2 represents
I-V curve of a device including NiO_P1 photocathode electrode with VOC of 110 mV. The
obtained VOC is similar to that of Sun et al. [36] reported for p-DSSC with NiO_P1 / I− ⁄I3− set
up (the reported VOC = 84 mV).
Table 6-1: Results of PCE characterization of NiO_P1 series.

Photocathode Electrode

NiO_P1

VOC (mV)

85 ± 21

VOC (Max.) (mV)

110

JSC (μA.cm-2)

381 ± 69

FF

0.28 ± 0.02

μ (%)

0.0092 ± 0.0038

Under illumination
Dark

750

NiO - P1

Current Density (A/cm2)

500
250
0
-250
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-1000

VOC = 110 mV
JSC = 525 A/cm2
FF = 0.29
= 0.0167 %
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Figure 6-2: I-V curve of the best device with NiO_P1 photocathode electrode.

In terms of IPCE measurement, all measurements were done with step size of 20 nm. All IPCE
measurements were plotted as function of wavelength. Figure 6-3 shows IPCE (external
quantum efficiency) curve of the device with NiO_P1 photocathode electrode.
Figure 6-4 compares external quantum efficiency of the device with NiO_P1 photocathode
electrode with absorption spectrum of P1 adsorbed on NiO surface. According this figure, IPCE
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measurements revealed the maximum EQE of NiO_P1 series devices is at 480 nm, the
wavelength that maximum absorption of P1 (adsorbed on the NiO surface) occurs. It verifies
that the generated photocurrent is derived from dye excitation
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Figure 6-3: External quantum efficiency curve of the device with NiO_P1 photocathode electrode.
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Figure 6-4: Comparison between external quantum efficiency of the device with NiO_P1 photocathode
electrode and absorption spectrum of P1 adsorbed on NiO surface.
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6.1.2. p-DSSC Devices with CuO-NiO Nanocomposite_P1 Photocathode Electrode
Table 6-2 shows results of PCE measurements of CuO-NiO Nanocomposite_P1 series devices
(average values of 14 devices). According to this table, average obtained VOC is 124 mV and
the highest VOC is 160 mV. Figure 6-5 shows I-V curve of the champion device for this
semiconductor nanocomposite with P1.
Table 6-2: Results of PCE characterization of CuO-NiO nanocomposite_P1 series.

Photocathode Electrode

CuO-NiO Nanocomposite_P1

VOC (mV)

124 ± 18

VOC (mV)

160

JSC (μA.cm-2)

48 ± 30

FF

0.31 ± 0.06

μ (%)

0.0018 ± 0.0012

Under illumination
Dark
100

CuO-NiO Nanocomposite - P1

Current Density (A/cm2)

50
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-50
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Figure 6-5: I-V curve of the best device with CuO-NiO nanocomposite_P1 photocathode electrode.

IPCE measurements revealed the maximum external quantum efficiency of CuO-NiO
nanocomposite_P1 series devices is in the range of 460-500 nm (Figure 6-6).
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Figure 6-6: External quantum efficiency curve of the device with CuO-NiO nanocomposite_P1 photocathode
electrode.

Figure 6-7 compares external quantum efficiency of the device with CuO-NiO nanocomposite
_ P1 photocathode electrode with absorption spectrum of P1 adsorbed on CuO-NiO
nanocomposite surface.
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Figure 6-7: Comparison between external quantum efficiency of the device with CuO-NiO nanocomposite _ P1
photocathode electrode and absorption spectrum of P1 adsorbed on CuO-NiO nanocomposite surface.
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As Figure 6-7 shows, in the wavelength range of 460 – 620 nm IPCE values follow absorption
curve of adsorbed P1 on CuO-NiO nanocomposite surface. It shows that in this wavelength
range photocurrent is derived from dye P1 excitation. However, the generated photocurrent in
the wavelength range of 400-440 may be derived from semiconductor and electrolyte.
As calculated in Section 5.3, the bandgap of CuO-NiO nanocomposite is 2.8 eV, which
corresponds with photons of ∼440 nm. Hence, a possibility of direct excitation of the
semiconductor can be assumed at the wavelength of 440 nm. Also the generated photocurrent
in the range of 400-420 nm can be derived from electrolyte. Iodine in PC based electrolytes
results in the creation of higher order polyiodides with different absorption ranges, which are
also photoactive. Light absorption by polyiodides can result in photocurrent about wavelength
of 400 nm, However, this assumption requires more investigation. [1]

6.1.3. p-DSSC Devices with Cu3Mn3O8 _P1 Photocathode Electrode
Table 6-3 and Figure 6-8 summarize results of PEC measurements related to Cu3Mn3O8 _P1
series devices.
Table 6-3: Results of PCE characterization of Cu3Mn3O8 _P1 series.

Photocathode Electrode

Cu3Mn3O8 _P1

VOC (mV)

107 ± 20

VOC (mV)

120

JSC (μA.cm-2)

56 ± 31

FF

0.77 ± 0.57

μ (%)

0.0041 ± 0.0021

Based on the presented PCE measurements, although Cu3Mn3O8 _P1 series devices have the
higher VOC (Ave. VOC is 107 mV) in comparison to the NiO _P1 series devices (with average
VOC of 85 mV), they produced negligible photocurrent. Also IPCE measurements proved the
PCE characterization results (the maximum quantum efficiency was about zero (0.07%)).
Regarding absorption of adsorbed dye on the surface of Cu3Mn3O8 was more than 20% (better
than CuO-NiO nanocomposite), the obtained results can be justified by either charge injection
or transport (or both) problem. Also low transparency of Cu3Mn3O8 films is another problem.
As in the previous chapter (Section 5.2) discussed, absorbance of Cu3Mn3O8 film is so high
(A% ≈ 70%, with thickness of ~ 200 nm), and consequently it affects photovoltaic performance
of Cu3Mn3O8 _P1 series devices.
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Figure 6-8: I-V curve of the best device with Cu3Mn3O8 _ P1 photocathode electrode.

Cu3Mn3O8 _P1 series devices showed dynamic and variable photo-response in PCE
measurements (Table 6-3 and Figure 6-8). The response of this group of devices could be
affected by capacitive artefacts. In highly capacitive materials (as semiconductor in DSSCs),
capacitive artefacts can affect J-V curve significantly, especially when photocurrent is
negligible. For solving this problem in PCE measurements, reducing sweeping voltage rate
(longer settling time) and/or hold the device at VOC under illumination until it stabilises can
decrease impact of artefacts in final results.
This material was also noted to be very dark, even though it is only a thin film, which will limit
the amount of light the dye can absorb. As such, a recommendation for future research, would
be to trying to increase transparency of Cu3Mn3O8 to make it a better candidate for p-DSSCs
application. The valence band edge position of this semiconductor is suitable to have charge
injection and get high VOC. One approach to increase transparency of this semiconductor can
be applying positive potential in an electrochemical setup as part of film preparation as
discussed in the last chapter (SEC measurement of Cu3Mn3O8 and Cu2NiMn3O8 (Section 5.4).
However, applying positive potential in an electrochemical setup for increasing transparency
of the film must be done cautiously, because it may lead to changes the valence band edge of
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semiconductor. Hence comprehensive investigation including Raman spectroscopy, UV-Vis
spectroscopy, XRD, and SEC measurements is required to the optimization of voltage applied
in order to increasing transparency of Cu3Mn3O8 or Cu2NiMn3O8 using this method in future
research.

6.1.4. p-DSSC Devices with Cu2NiMn3O8 _P1 Photocathode Electrode
Regarding Table 6-4 and Figure 6-9, devices with the Cu2NiMn3O8 semiconductor again
showed negligible photocurrent (similar to Cu3Mn3O8). In addition, Cu2NiMn3O8 _P1 series
showed the lowest VOC as well (53 mV as average). It seems that Cu2NiMn3O8 films have
charge injection and/or transport limitation along with transparency problem (similar to
Cu3Mn3O8).
Table 6-4: Results of PCE characterization of Cu2NiMn3O8 _P1 series.

Photocathode Electrode

Cu2NiMn3O8 _P1

VOC (mV)

53 ± 23

VOC (mV)

80

JSC (μA.cm-2)

21 ± 11

FF

0.34 ± 0.10

μ (%)

10

0.0003

Under illumination
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Figure 6-9: I-V curve of the best device with Cu2NiMn3O8_P1 photocathode electrode.
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In the J-V curve of devices with Cu2NiMn3O8 semiconductor, the capacitive artefacts problem
exists same as that of Cu3Mn3O8. For future studies, it seems that applying positive potential
in an electrochemical setup as part of film preparation (as discussed in section 5.4) brings
several advantages including increasing VB and transparency. As discussed, valence band edge
of Cu2NiMn3O8 is not deep (-5.17 vs. vacuum).

6.1.5. p-DSSC Devices with CuMnO2 _P1 and CuInO2 _P1 Photocathode Electrodes
Neither CuMnO2 _P1 nor CuInO2 _P1 devices showed appreciable photovoltaic performance.
The reason of this phenomenon could be related to the negligible dye adsorption on the surface
of these semiconductors. (see Figure 5-11 and Figure 5-13). For future research, synthesis
mesoporous films to adsorb high amount of dye molecules can solve this problem.

6.1.6. Analysis and Conclusion of Photovoltaic Performance of P1 Series p-DSSCs
In terms of recorded VOCs obtained by each group of devices, the semiconductors with deeper
valence band result in the higher VOCs as Figure 6-10 shows. Hence, as long as CuMnO2, and
CuInO2 films had no appreciable photovoltaic performance with dye P1, CuO-NiO
nanocomposite semiconductor resulted in the highest VOC between all devices which worked
with P1 as sensitizer.
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Figure 6-10: Relationship between valence band potential of semiconductors and VOC obtained by each group of
devices (P1 series).
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Regarding the performance of all devices with dye P1, the devices with NiO as the
semiconductor showed the highest JSC, and efficiency. This performance is at least in part
related to the porous structure, and high specific surface area of NiO film which adsorbed the
maximum amount of dye molecules in its own structure (see Figure 5-7). In terms of recorded
JSCs obtained by each group of devices, only devices with NiO and CuO-NiO semiconductors
showed appreciable photocurrent. As discussed, Cu3Mn3O8 and Cu2NiMnO8 had low
transparency, and on the other hand CuMnO2 and CuInO2 cannot adsorb enough dye P1
molecules.
As discussed the devices with NiO as semiconductor showed the highest J SC, and efficiency
due to the porous structure, and high specific surface area of NiO film which adsorbed the
maximum amount of dye molecules in its own structure. The average JSC for NiO-P1 series pDSSCs was about 380 μA.cm-2, while this value for devices with CuO-NiO_P1 photocathode
electrode was 48 μA.cm-2 according to the PCE characterization tests. After IPCE
measurements, JSCs values were calculated by:
Jsc = ∫ 𝑞 I0(λ) IPCE(λ) dλ

(23)

where q is the charge of the electron, I0(λ) is the solar irradiance spectrum (Figure 2-24) over
all wavelengths. Table 6-5 compares the recorded JSCs values related to P1 series p-DSSCs
obtained via PCE and IPCE characterization methods.
Table 6-5: The recorded JSCs values related to P1 series p-DSSCs obtained via PCE and IPCE characterization
methods.

Device
NiO-P1 p-DSSC
CuO-NiO_P1 p-DSSC

JSC (μA.cm-2) obtained by PCE
method
380
48

JSC (μA.cm-2) obtained by IPCE
method
60
40

6.2. The Photovoltaic Performance of p-DSSC Devices with Dye
PMI - 6T-TPA
After trying P1 as sensitizer, PMI - 6T-TPA was tested. The most important motivation to try
another dye was increasing the chance of observing some photovoltaic performance of pDSSCs with CuMnO2 and CuInO2 as the semiconductor. NiO, CuO-NiO nanocomposite,
CuMnO2, and CuInO2 were selected for fabrication of a new set of devices with PMI-6T-TPA
as sensitizer. Because Cu3Mn3O8, and Cu2NiMn3O8 have low transparency, devices which are
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made up of these semiconductors consequently show negligible photocurrent and IPCE,
Cu3Mn3O8, and Cu2NiMn3O8 were not included for fabrication of a new set of devices with
PMI-6T-TPA. Finally, for each series, 5 devices were fabricated (totally 20 devices with dye
PMI-6T-TPA) (see Figure 6-11).

Figure 6-11: p-DSSC devices with dye PMI-T6-TPA (and different semiconductors).

6.2.1. PCE Measurements of p-DSSCs Including PMI-6T-TPA
Tables 6-6 - 6-9 summarize results of PCE characterization p-DSSCs including PMI-6T-TPA
adsorbed on NiO, CuO-NiO nanocomposite, CuInO2 and CuMnO2 respectively. Also Figures
6-12 - 6-15 represent I-V curves of devices with the highest recorded VOC in each group
(obtained by each semiconductor).
Table 6-6: Results of PCE characterization of NiO_PMI-6T-TPA series.

Photocathode Electrode

NiO_PMI-6T-TPA

VOC (mV)

318 ± 22

VOC (Max.) (mV)

330

JSC (μA.cm-2)

2668 ± 600

FF

0.28 ± 0.02

μ (%)

0.31 ± 0.06

The maximum VOC obtained by p-DSSCs with NiO_PMI-6T-TPA photocathode electrode
reported in the literatures is 218 mV [35]. The VOC values obtained in the current research for
NiO_PMI-6T-TPA series devices were surprising.
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Figure 6-12: I-V curve of the best device with NiO _ PMI-6T-TPA photocathode electrode.
Table 6-7: Results of PCE characterization of CuO-NiO nanocomposite_PMI-6T-TPA series.

Photocathode Electrode

CuO-NiO nanocomposite_PMI-6T-TPA

VOC (mV)

320 ± 29

VOC (Max.) (mV)

360

JSC (μA.cm )
-2

379 ± 49

FF

0.43 ± 0.02

μ (%)

0.05 ± 0.01

Under illumination
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Figure 6-13: I-V curve of the best device with CuO-NiO nanocomposite _ PMI-6T-TPA photocathode electrode.
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Table 6-8: Results of PCE characterization of CuInO2 _ PMI-6T-TPA series.

Photocathode Electrode

CuInO2 _ PMI-6T-TPA

VOC (mV)

300 ± 45

VOC (Max.) (mV)

360

JSC (μA.cm )
-2

167 ± 22

FF

0.43 ± 0.05

μ (%)

150

0.02

Under illumination
Dark
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125
100

VOC = 360 mV

75

JSC = 139 A/cm2

50

FF = 0.50
= 0.03 %
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Figure 6-14: I-V curve of the best device with CuInO2 _ PMI-6T-TPA photocathode electrode.

Table 6-9: Results of PCE characterization of CuMnO2 _ PMI-6T-TPA series.

Photocathode Electrode

CuMnO2 _ PMI-6T-TPA

VOC (mV)

300 ± 23

VOC (Max.) (mV)

320

JSC (μA.cm-2)

144 ± 17

FF

0.39 ± 0.03

μ (%)

0.02 ± 0.01
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Figure 6-15: I-V curve of the best device with CuMnO2 _ PMI-6T-TPA photocathode electrode.

Regarding the results of PCE measurements, the devices with NiO as semiconductor showed
the highest JSC, and efficiency because of the porous structure, high specific surface area and
high capability of commercial NiO for dye loading (same as the devices with P1 as explained
in the previous section). Figure 6-16 shows the semiconductors which can adsorb more amount
of dye PMI-6T-TPA molecules result in the higher JSCs.
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Figure 6-16: Relationship between peak absorption (percentage) of PMI-6T-TPA on the semiconductor surface.
with average JSC obtained by each group of devices.
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Generally, using PMI-6T-TPA (instead of P1) improved photovoltaic performance of all pDSSCs devices. In terms of VOC, commercial NiO showed maximum VOC of 330 mV. Using
CuO-NiO nanocomposite and CuInO2 semiconductors instead of commercial NiO resulted in
maximum VOC of 360 mV in these devices. However, difference between average value of
VOCs in each group is less than standard deviation, which in turn limits drawing any solid
conclusion. In other words, it was no appreciable relationship between valence band potential
of the semiconductors and VOCs obtained by each group of devices as Figure 6-17 shows. It
may be linked to ambipolar charge transport through PMI-6T-TPA dye as it attaches to the
semiconductor surface.
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Figure 6-17: Relationship between valence band potential of semiconductors and VOC obtained by each group of
devices (PMI-6T-TPA series).

Wang et. al [88] who investigated charges transfer through dye PMI-2T-TPA reported cross
surface ambipolar charge percolation within a PMI-2T-TPA monolayer adsorbed on ceramic
oxide films by electron / hole hopping process. [88]
According to their research, there was unexpected reversible oxidation of PMI-2T-TPA
attached on the surface of ceramic oxide films. They introduced three pathways for charge
transportation to explain the observed electroactivity including conducted by the
semiconductor, transported by molecular diffusion or transferred within the triad monolayer by
a hopping process. [88]
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They reported that if the attaching of the PMI-2T-TPA molecules to the ceramic oxide surface
is strong enough to prevent any substantial diffusion, charge transport can only happen by
electron hopping between molecules inside the dye layer. [88]
Figure 6-18 investigates the effect of valence band edge changes on JSCs values between CuONiO nanocpmposite, CuInO2 and CuMnO2 semiconductors. As discussed the most important
effective factor on JSC is dye loading capability of semiconductor (in terms of semiconductor
engineering). Hence, CuO-NiO nanocomposite, CuInO2 and CuMnO2 semiconductors which
have similar dye loading capability (and also similar film thickness (~2.5 μm)) were compared
to study effect of valence band potential on JSC. According to the presented figure,
semiconductors with the deeper valence bands result in lower JSCs. It can be partially explained
by the fact that deeper VB leads to weaker charge injection because of decrease in charge
injection driving force between VB edge of semiconductor and a photoexcited dye.
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Figure 6-18: Relationship between valence band potential of semiconductors and JSC obtained by each group of
devices (PMI-6T-TPA series).

Also Figure 6-19 shows the changes of VOCs as function of JSCs changes in PMI-6T-TPA series
devices with different synthesized semiconductors. Generally, VOC in DSSCs depends on
energy levels and concertation of electrons. On the other hand, concentration of electrons is a
major parameter to determination of JCS. As discussed, there was no appreciable relationship
between valence band potential of the semiconductors and VOCs obtained by each group of
devices working with dye PMI-6T-TPA. So in this situation, plotting VOC - JSC curve is helpful
to understanding effect of electron concentration on VOC. As Figure 6-19 shows, devices with
CuO-NiO nanocomposite semiconductor which produced higher JSCs (in comparison to the
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devices which have CuInO2 and CuMnO2), show higher VOCs as well. However, this effect is
not remarkable.
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Figure 6-19: The changes of VOCs versus JSCs changes in PMI-6T-TPA series devices with different synthesized
semiconductors.

6.2.2. Comparison of Photovoltaic Performance of p-DSSCs Including PMI-6T-TPA and
P1
Among all semiconductors, just commercial NiO and CuO-NiO nanocomposite showed a
notable photovoltaic performance with both dyes (P1 and PMI-6T-TPA) in p-DSSC structure.
Figures 6-20 - 6-22 compare effect of using P1 and PMI-6T-TPA sensitizers on VOC, JSC and
PCE obtained by NiO and CuO-NiO nanocomposite based devices respectively.
P1
350

PMI-6T-TPA
320

318

Ave. VOC (mV)

300
250
200
150
100

124
85

50
0
NiO

CuO-NiO nanocomposite

Figure 6-20: Comparison of effect of using P1 and PMI-6T-TPA sensitizers on VOC obtained by NiO and CuO-NiO
nanocomposite based p-DSSCs.
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Figure 6-21: Comparison of effect of using P1 and PMI-6T-TPA sensitizers on JSC obtained by NiO and CuO-NiO
nanocomposite based p-DSSCs.
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Figure 6-22: Comparison of effect of using P1 and PMI-6T-TPA sensitizers on PCE obtained by NiO and CuO-NiO
nanocomposite based p-DSSCs.

Generally, using PMI-6T-TPA gives rise to better photovoltaic performance of p-DSSC
devices significantly as Figures 6-20 - 6-22 show. In terms of dye structure, in PMI-6T-TPA
structure, a perylenemonoimide (PMI) acceptor is coupled to a triphenylaminedonor by an
oligothiophene spacer. PMI-6T-TPA dye molecules are adsorbed on semiconductor surface by
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two carboxylic acid groups on a triphenylamine donor. Dye P1, same as dye PMI-6T-TPA,
contains a triphenylamine electron donor. The triphenylamine donor in PMI-6T-TPA is
significantly large, because of the extended and long thiophene bridge, and a
perylenemonoimide (PMI) chromophore, that is a good electron acceptor in the excited state.
Hence, the physical spacing of electron density in the excited state (away from the
semiconductor) is larger for PMI-6T-TPA in comparison to that of P1. [3,35]
There is a correlation between physical separation of charge density and charge-transfer
dynamics, where sexithiophene bridge in the PMI-6T-TPA molecules results in longer-lived
charge separated states and consequently slower charge recombination. The long
oligothiophene bridge leads to an increased tunnelling distance between the electron occupying
LUMO level of dye PMI-6T-TPA and the vacancies located in the semiconductor, which is
why recombination rate is reduced. The lower charge recombination rate in the devices with
PMI-6T-TPA compared to that of using P1 result in higher JSC and PCE. [3,35]
Also using PMI-6T-TPA instead of P1 leads to a substantial increase in VOCs. It can be also
related to reduced electrolyte / semiconductor charge recombination, and higher electron
density because of the presence of long sterically hindering alkyl chains. [3,35]
Another thing should be pointed is that for semiconductors with low (or negligible) dye loading
capability due to low specific surface area, using PMI-6T-TPA as sensitizer leads to
photovoltaic performance, the important advantage which was not observed for dye P1.

6.2.3. IPCE Measurements of p-DSSCs Including PMI-6T-TPA
In terms of IPCE measurements, the device with NiO_PMI-6T-TPA photocathode showed
remarkably high external quantum efficiency compare to the other devices. Figure 6-23 shows
QE of 31.4% in the wavelength range of 420-480 nm. This outstanding obtained QE percentage
is derived from vantage of PMI-6T-TPA to decrease charge recombination rate (as discussed
in Section 6.2.2) and the porous structure of NiO film. Even, in the literature QE of 62% was
reported for p-DSSCs with NiO_ PMI-6T-TPA photocathode [35].
According to Figure 6-24, the maximum absorption of PMI-6T-TPA adsorbed on NiO occurs
at this wavelength as well. It proves that the generated photocurrent is derived from PMI-6TTPA dye excitation, and it is not related to the semiconductor or electrolyte.
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Figure 6-23: External quantum efficiency curve of the device with NiO _ PMI-6T-TPA photocathode electrode.
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Figure 6-24: Comparison between external quantum efficiency of the device with NiO _ PMI-6T-TPA
photocathode electrode and absorption spectrum of PMI-6T-TPA adsorbed on NiO surface.

As Figure 6-25 represents, the maximum external quantum efficiency of CuO-NiO
nanocomposite_PMI-6T-TPA series devices is at 480 nm (0.87%).
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Figure 6-25: External quantum efficiency curve of the device with CuO-NiO nanocomposite _ PMI-6T-TPA
photocathode. electrode.

Figure 6-26 compares external quantum efficiency of the device with CuO-NiO nanocomposite
_ PMI-6T-TPA photocathode electrode with absorption spectrum of PMI-6T-TPA adsorbed on
CuO-NiO nanocomposite surface. Based on this figure, QE values of CuO-NiO
nanocomposite_ PMI-6T-TPA device follow absorption spectrum of adsorbed PMI-6T-TPA
on the semiconductor, so it can be again claimed that dye molecules are the responsible of
generated photocurrent.
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Figure 6-26: Comparison between external quantum efficiency of the device with CuO-NiO nanocomposite _
PMI-6T-TPA photocathode electrode and absorption spectrum of PMI-6T-TPA adsorbed on CuO-NiO
nanocomposite surface.
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IPCE characterization results related to the devices with CuInO2_PMI-6T-TPA and
CuMnO2_PMI-6T-TPA photocathode electrodes were similar to those obtained for CuO-NiO
nanocomposite_PMI-6T-TPA devices; The maximum quantum efficiency of 1% in
wavelength range of 420-480 nm (see Figure 6-27 and Figure 6-29). All these results show
photocurrent is derived from dye excitation.
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Figure 6-27: External quantum efficiency curve of the device with CuInO 2 _ PMI-6T-TPA photocathode electrode.

As Figure 6-28 shows, absorption spectrum of PMI-6T-TPA adsorbed on CuInO2 surface does
not match well with the IPCE of the device with CuInO2_PMI-6T-TPA photocathode electrode
in the wavelength range of 400-430 nm. It can be related to the noisy graph of absorption
spectrum of PMI-6T-TPA adsorbed on CuInO2 surface.
Furthermore, Figure 6-30 shows the maximum quantum efficiency for CuMnO2_PMI-6T-TPA
devices occurs in the wavelength range which the maximum absorption of PMI-6T-TPA
adsorbed on CuMnO2 happens. It verifies the generated photocurrent is derived from PMI-6TTPA excitation, and it is not related to CuMnO2.
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Figure 6-28: Comparison between external quantum efficiency of the device with CuInO 2 _ PMI-6T-TPA
photocathode electrode and absorption spectrum of PMI-6T-TPA adsorbed on CuInO2 surface.
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Figure 6-29: External quantum efficiency curve of the device with CuMnO 2 _ PMI-6T-TPA photocathode
electrode.
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Figure 6-30: Comparison between external quantum efficiency of the device with CuMnO 2 _ PMI-6T-TPA
photocathode electrode and absorption spectrum of PMI-6T-TPA adsorbed on CuMnO2 surface.

Also Table 6-10 compares the recorded JSCs values related to PMI-6T-TPA series p-DSSCs
obtained via PCE and IPCE characterization methods.
Table 6-10: The recorded JSCs values related to PMI-6T-TPA series p-DSSCs obtained via PCE and IPCE
characterization methods.

JSC (μA.cm-2) obtained by

JSC (μA.cm-2) obtained by

PCE method

IPCE method

NiO- PMI-6T-TPA p-DSSC

2670 ± 600

2810

CuO-NiO_ PMI-6T-TPA p-DSSC

380 ± 50

40

CuInO2_ PMI-6T-TPA p-DSSC

167 ± 20

70

CuMnO2_ PMI-6T-TPA p-DSSC

144 ± 17

80

Device

Figure 6-31 compares the normalized external quantum efficiency curves of all devices using
PMI-6T-TPA as sensitizer.
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Figure 6-31: Comparison between the normalized external quantum efficiency curves of different devices with
NiO, CuO-NiO nanocomposite, CuInO2 , and CuMnO2 as semiconductor and PMI-6T-TPA as sensitizer.

Dye loading, dye attachment, charge transportation capability and diffuse reflection of
semiconductor are effective factors on shape of IPCE curve [89]. In Figure 6-31, IPCE curve
of NiO is the champion curve because of high dye loading and its charge transportation
capability resulted in quantum efficiency of 31.4%.
It seems that charge transportation is the major factor for interpretation of IPCE curves related
to CuO-NiO nanocomposite, CuMnO2 and CuInO2, as long as all these three semiconductors
have similar dye loading capability. Among these three semiconductors, the shapes of the IPCE
spectra of CuO-NiO nanocomposite and CuMnO2 are more similar to that of NiO. Probably,
charge transportation capability of CuInO2 is weaker compared to the others. This shortcoming
can be related to the impurities including LiCl and Cu2In2O5 created during synthesis process
of CuInO2 semiconductor. In future research, synthesis of CuInO2 with high purity can increase
charge transportation for this semiconductor.
In conclusion, using CuO-NiO nanocomposite and Cu3Mn3O8 semiconductors with dye P1
leaded to increased VOC in comparison to p-DSSCs with commercial NiO-P1 as photocathode.
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In terms of devices with PMI-6T-TPA dye, using CuO-NiO nanocomposite and CuInO2
resulted in larger maximum VOC than that of commercial NiO (360 mV vs. 330 mV).
Generally, the shapes of the IPCE spectra matched with the optical absorption spectra of the
corresponding dyes (P1 and PMI-6T-TPA) adsorbed on semiconductors, confirming that the
observed photocurrents were derived from dyes.
Based on what was discussed, CuO-NiO nanocomposite is champion semiconductor in terms
of getting the highest VOC with both P1 and PMI-6T-TPA dyes. Figure 6-32 compares recorded
VOCs obtained by p-DSSCs with commercial NiO and CuO-NiO nanocomposite.
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Figure 6-32: Average and maximum VOCs obtained by p-DSSCs with commercial NiO and CuO-NiO
nanocomposite.
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CHAPTER 7: Summary, Conclusion, and Recommendation
This thesis concerned a strategy to improve the open circuit voltage (VOC) of p-type dyesensitized solar cells (p-DSSCs), with a focus on designing novel p-type semiconductors to use
instead of NiO (as the most common and popular p-type semiconductor using in p-DSSCs and
pn-DSSCs).
To achieve this target, copper-based oxides (particularly those with delafossite structures) were
selected, because these semiconductors tend to provide reasonable transparency and hole
mobility due to their own large band gap and specific orbital configuration of Cu+ respectively.
In terms of getting higher VOC in p-DSSCs, a suitable valence band edge for semiconductor
part can be considered as deep as possible, but not deeper than the HOMO level of sensitizer
(dye), to create a driving force for charge transfer between a photoexcited dye and VB of
semiconductor.
In the current research, P1 and PMI-6T-TPA were used as sensitizers because of their suitable
absorption range (matched with the wavelength range that radiation intensity of sunlight is
maximum) in our p-DSSCs devices. And because they have been demonstrated in the literature
to be good dyes for p-DSSCs.
In order to narrow down the many possible candidate materials (CuMO2), the band structure
computation of different semiconductors with CuMO2 structure was done based on DFT via
cooperation with Prof. Zhenpeng Hu from Nankai University. By considering valence band
levels of semiconductors in this simulation, the redox potential of used electrolyte (iodidetriiodide ( 𝐼 − ⁄𝐼3− ), Eredox= -4.9 vs. vacuum scale), and HOMO level of dye P1 (between -5.9
to -6.1 vs. vacuum scale), CuNiO2, CuMnO2, and CuInO2 were selected as suitable candidates
to use as photocathode in our research to improve VOC in p-DSSCs.
Table 7-1 shows VBM computation of CuNiO2, CuMnO2, and CuInO2 based on the s orbits of
Cu and O, which were adjusted from relative positions of the model, based on the known
material CuAlO2. These values therefore represent rough estimates. It must be mentioned that
CuAlO2, CuGaO2, CuCrO2 and CuFeO2 have been used for this application by other research
groups, but only offer marginally lower VB edge compared to NiO. This project explicitly
looked towards going deeper.
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Table 7-1: VBM computation of CuNiO2, CuMnO2, and CuInO2 based on the s orbits of Cu and O.

VBM based on s orbital of Cu
(Vacuum Scale)
-5.9
-6.1
-6.1

Semiconductor
CuNiO2
CuInO2
CuMnO2

VBM based on s orbital of O
(Vacuum Scale)
-6.8
-6.7
-7.0

For synthesis of CuMnO2, a hydrothermal approach, introduced by X. Liu et al. [83] was used.
In this method manganese acetate, copper nitrate, CTAB and NaOH were dissolved in
deionized water and ethanol by stirring. Then the solution was transferred into hydrothermal
autoclave, and the autoclave was kept at 180°C for 24 hr. Finally, the obtained powder was
washed with deionized water and ethanol. CuMnO2 film (deposited by blade coating method)
was sintered at 500°C for 1 hr under N2. Table 7-2 summarizes key properties of synthesized
CuMnO2 after sintering. (See Section 4.2 for more details)
Table 7-2: Properties of synthesized CuMnO2 after sintering.

Chemical Phase(s)
Crystal system
Crystal size
Particle size
Morphology

CuMnO2
Monoclinic
45.7 ± 5.4 nm
45 nm
Perfect crystallization

For synthesis of CuInO2, ion-exchange reaction method introduced by M. Shimode et al. [84]
was used via below reaction:
LiInO2 + CuCl

CuInO2 + LiCl

(360°C for 150 hr in vacuum)
LiInO2 as precursor was synthesized by reaction of Li2O and In2O3 at 550°C for 110 hr in air.
The final powder was washed with distilled water to leach out the remaining LiCl. Table 7-3
represents the properties of obtained powder after sintering at 400°C for 30 min. (See Section
4.3 for more details)
Although synthesis of CuNiO2 by hydrothermal or sol-gel approaches was attempted, it was
not successful. However, a CuO-NiO nanocomposite was synthesized by a sol-gel approach
which was introduced by the current thesis. In order to synthesis of CuO-NiO nanocomposite
by sol-gel method, copper acetate, nickel nitrate, and ethanolamine were used as precursors.
The precursors were dissolved in ethanol and stirred. Then, temperature was increased to 150⸰
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C to obtain a blue gel. The gel was dried at 150°C for 10 hr in drier. Finally, CuO-NiO
nanocomposite was synthesized by thermal annealing of amorphous gel at 500°C for 1 hr.
Table 7-4 shows properties of synthesized CuO-NiO nanocomposite. (See Section 4.4 for more
details)
Table 7-3: Properties of synthesized CuInO2 powder after sintering.

CuInO2
Cu2In2O5
Impurity: LiCl
Trigonal (rhombohedral)
31 ± 17 nm
70-100 nm
Extra-large particles

Chemical Phase(s)
Crystal system
Crystal size
Particle size
Morphology

Table 7-4: Properties of synthesized CuO-NiO nanocomposite.

Chemical Phase(s)

CuO-NiO
NiO:

Cubic

CuO:

Monoclinic

NiO:

8.8 ± 1.1 nm

CuO:

14.3 ± 4.6 nm

Crystal system

Crystal size
Particle size
Morphology

20-30 nm
Fine particle size, and narrow particle size distribution

During this research, two other materials were synthesised, also through a sol-gel approach,
Cu3Mn3O8 and Cu2NiMn3O8. Synthesis of Cu3Mn3O8 was performed using a modified version
of the sol-gel method reported by Chen et al. [85] to obtain Cu1.1Mn0.9O2. For synthesis of
Cu3Mn3O8, copper acetate, manganese acetate, and triethanolamine were dissolved in ethanol
by stirring. Then the solution was spin-coated onto quartz (for characterization) / FTO (for
device fabrication) substrates. Next, the coated thin film was annealed at 500°C in air. (See
Section 4.5 for more details)
Synthesis of Cu2NiMn3O8 involved spin coating a precursor created by a sol-gel method, based
on the technique described for synthesis of Cu3Mn3O8; partially nickel nitrate was participated
in the reaction. Synthesis of Cu2NiMn3O8 by spin-coating-sol-gel method was introduced by
the current thesis for the first time. Table 7-5 represents properties of synthesized Cu3Mn3O8
and Cu2NiMn3O8 semiconductors. (See Section 4.6 for more details)
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Table 7-5: Properties of synthesized Cu3Mn3O8 and Cu2NiMn3O8 semiconductors.

Chemical Phase(s)
Crystal system
Crystal size
Particle size

Cu3Mn3O8
Cu2NiMn3O8
Cubic
Cubic
10.4 ± 2.1 nm
11.3 ± 1.1 nm
10-20 nm
10-20 nm
Non-porous microstructure resulted from the high aggregated
particles, along with low crystal growth

Morphology

Furthermore, NiO (US Nano Research) was used as a control in the current project. Table 7-6
introduces properties of NiO (US Nano Research) paste after sintering at 400°C for 30 min.
Table 7-6: Properties of NiO (US Nano Research) after sintering.

Crystal system
Crystal size
Particle size
Morphology

Cubic
11.3 ± 0.7 nm
10 -15 nm
Narrow particles size distribution and porous microstructure

In order to investigate dye loading capability of semiconductor films, optical absorption
measurements of adsorbed dye on semiconductor were done. Figure 7-1 summarizes the results
of these measurements.
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Figure 7-1: Peak absorption (percentage) of P1 and PMI-6T-TPA on the surface of different semiconductors.

145

Commercial NiO showed the highest dye loading, which was attributed to its fine particle size
and porous microstructure. In terms of synthesized semiconductors, semiconductors with
smaller particles brought the benefit of higher dye loading. Generally, the smaller particle size,
larger specific surface area, and higher dye loading capability for semiconductor part in DSSCs
results in higher JSC.
Despite enjoying fine particles, dye adsorption capability of Cu3Mn3O8 and Cu2NiMn3O8 was
significantly weaker than that of commercial NiO due to non-porous microstructure of the films
resulted from aggregated particles. The dye loading capability of CuMnO2 and CuInO2 films
was also weak, because of large particles size and non-porous structure. This shortcoming
affected photovoltaic performance of DSSC devices made based on these semiconductors.
In terms of transparency, CuO-NiO nanocomposite, CuInO2 and CuMnO2 films had reasonable
transparency for DSSC application (T% ≈ 50-75%, with thickness of ~ 2.5 μm). However, the
transparency of Cu3Mn3O8 and Cu2NiMn3O8 was low (T% ≈ 30%, with thickness of only ~
200 nm). This problem resulted in producing negligible photocurrent by DSSC devices made
based on these semiconductors.
For determination of the band structure of semiconductors, optical band gaps and flat-band
potentials which are assumed to approximate VB edge for p-type semiconductors were
measured by UV-Vis spectroscopy and spectroelectrochemistry methods respectively. Figure
7-2 shows the band edge potentials of all semiconductors synthesized during this thesis.
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Figure 7-2: The band edge potentials of semiconductors, the redox potential of mediator, and HOMO levels of
dyes.
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As Figure 7-2 shows, all semiconductors synthesized during this research had valence band
edges deeper than that of NiO. Hence, the primary target of this thesis to reach the p-type
semiconductors with deeper VBs was achieved. Also, the measured valence band edges of
synthesized CuInO2 and CuMnO2 match with the values calculated based on band structure
computation by DFT (see Table 7-1).
In Chapter 6 the synthesised semiconductors were incorporated into p-DSSCs. In all the
devices made in this project, counter electrode (Pt catalyst) and redox mediator (Iodidetriiodide ( 𝐼 − ⁄𝐼3− )) used throughout for consistency. The variable parts were the oxide used in
the photocathode (NiO, CuO-NiO nanocomposite, CuMnO2, Cu3Mn3O8, Cu2NiMn3O8 and
CuInO2), and the sensitizer (P1 and PMI-6T-TPA). In order to device assembly, the dye covered semiconductor (photocathode electrode) and Pt-counter electrode (anode) were
assembled with Surlyn gasket between them like a sandwich structure. This assembly was
sealed by pressing on a hot plate (120°C) to melt the gasket. After sealing, the electrolyte (0.5M
LiI, 0.05M I2, in PC) was injected into the cells by vacuum back-filling technique.
Table 7-7 summarizes photovoltaic performance P1 series p-DSSCs.
Table 7-7: Photovoltaic performance of P1 series p-DSSCs.

Semiconductor
VOC (mV)

NiO

CuO-NiO
Nanocomposite

Cu3Mn3O8

Cu2NiMn3O8

85 ± 21

124 ± 18

107 ± 20

53 ± 23

Max. VOC (mV)

110

160

120

80

Ave. JSC (μA.cm-2)

381

48

56

21

Ave. FF

0.28

0.31

0.77

0.34

0.0092

0.0018

0.0041

0.0003

0.66

0.48

0.07

0.07

Ave. μ (%)
Peak EQE (%)

In terms of the measured VOCs, CuO-NiO nanocomposite and Cu3Mn3O8 semiconductors with
deeper valence band (than that of NiO) resulted in higher VOCs in comparison to devices which
worked with commercial NiO. Both CuO-NiO nanocomposite and Cu3Mn3O8 semiconductors
meet the major aim of this thesis to reach higher VOCs in comparison to that of commercial NiO
in p-DSSCs with dye P1 as Figure 7-3 shows.
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Figure 7-3: Increase of VOC using Cu3Mn3O8 and CuO-NiO nanocomposite semiconductors with deeper VBs in
comparison to NiO in p-DSSCs with dye P1.

Regarding the performance of all devices with dye P1, the devices with NiO as the
semiconductor showed the highest JSC, and efficiency. This performance is at least in part
related to the porous structure, and high specific surface area of NiO film which provided
maximum dye loading capability for this semiconductor.
In terms of recorded JSCs, only devices with NiO and CuO-NiO semiconductors showed
appreciable photocurrent. Cu3Mn3O8 and Cu2NiMnO8 had charge injection / transition
limitation along with low transparency (T% ≈ 30%, with thickness of ~ 200 nm) and
consequently p-DSSCs with these semiconductors generated negligible photocurrent; and on
the other hand, CuMnO2 and CuInO2 could not adsorb enough dye P1 molecules to have
appreciable photovoltaic performance.
Table 7-8 summarizes photovoltaic performance PMI-6T-TPA series p-DSSCs. Generally,
using PMI-6T-TPA gives rise to better photovoltaic performance of p-DSSC devices
significantly, because sexithiophene bridge in the PMI-6T-TPA molecules results in longerlived charge separated states and consequently slower charge recombination.
Using PMI-6T-TPA instead of P1 leads to a substantial increase in VOCs. It can be also related
to reduced electrolyte / semiconductor charge recombination, and higher electron density
because of the presence of long sterically hindering alkyl chains.
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Table 7-8: Photovoltaic performance of PMI-6T-TPA series p-DSSCs.

Semiconductor

NiO

VOC (mV)

CuO-NiO
Nanocomposite

CuInO2

CuMnO2

318 ± 22

320 ± 29

300 ± 45

300 ± 23

Max. VOC (mV)

330

360

360

320

Ave. JSC (μA.cm-2)

2668

379

167

144

Ave. FF

0.28

0.43

0.43

0.39

Ave. μ (%)

0.31

0.05

0.02

0.02

Ave. QE (%)

31.4

0.87

0.97

1.0

As Table 7-8 shows, the difference between average value of VOCs in each group is less than
the standard deviation. However, using CuO-NiO nanocomposite and CuInO2 semiconductors
resulted in maximum VOC of 360 mV, while NiO-based devices could not reach to any VOC
values more than 330 mV. So CuO-NiO nanocomposite and CuInO2 can be considered as
promising semiconductors as alternatives to NiO to reach higher VOCs by p-DSSCs and pnDSSCs. NiO gave more consistent results because deposition of NiO was done by print screen
method which resulted in more uniform films (in comparison to blade coating) (see Figure 7-4).
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Figure 7-4: Recorded average and maximum VOCs obtained by NiO, CuO-NiO nanocomposite and CuInO2 based
p-DSSCs with PMI-6T-TPA.
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Future work
The most important recommendation for future research is to try to synthesise semiconductors
with greater porosity, for increasing dye loading. Low dye adsorption due to non-porous
microstructure was the most important problem of all the synthesized semiconductors in this
research project. BET measurements for the investigation of total surface area of
semiconductors can be applied.
Also using a dye with HOMO level of -6.4 (vs vacuum) (or deeper) to have more charge
injection improves photovoltaic performance of p-DSSCs especially for devises using CuInO2
and CuMnO2. In terms of future work on sensitizer, molybdenum iodide complex as inorganic
sensitizer can be considered as a good candidate [90-91].
Furthermore, as Figure 7-2 shows, there is no driving force between HOMO level of PMI-6TTPA and VB edges of CuInO2 and CuMnO2 semiconductors for charge injection. The
photocurrent response from PMI-6T-TPA-based devices was an unexpected result. The
mechanism of photocurrent response from PMI-6T-TPA may be linked to ambipolar charge
transport through this dye as it attaches to the semiconductor surface.
Wang et. al [88] reported cross surface ambipolar charge percolation within a PMI-2T-TPA
monolayer adsorbed on ceramic oxide films by electron / hole hopping process. They reported
that if the attaching of the PMI-2T-TPA molecules to the ceramic oxide surface is strong
enough to prevent any substantial diffusion, charge transport can only happen by electron
hopping between molecules inside the dye layer. This mechanism should be more investigated
for PMI-6T-TPA in the future research.
The band energy potentials of CuO-NiO nanocomposites may be affected by mutual doping of
copper in NiO, and nickel in CuO. Mutual doping and its effect on the properties of ceramic
composites was reported in the literatures already [84]. It would serve as the basis for a new
block of future work around creating NiO doped with a little bit of copper, and CuO doped
with a little bit of Ni as well as pure CuO and pure NiO using sol-gel approach, for investigation
of mutual doping in CuO-NiO nanocomposite. For investigation of this hypothesis in future
research, a qualitative chemical analysis technique such as XPS or EDS must be employed.
Another recommendation is to try to increase transparency of Cu3Mn3O8 and Cu2NiMnO8 may
make them the better candidates for p-DSSCs application. One approach to increase
transparency of these semiconductors can be electrochemical bleaching by applying positive

150

potential as part of film preparation. However, applying positive potential in an electrochemical
setup for increasing transparency of the films should be done cautiously, because it may lead
to changes the valence band edges of semiconductors. Hence comprehensive investigation
including Raman spectroscopy, UV-Vis spectroscopy, XRD, and SEC measurements is
required to examine all the effects of this applied voltage.
To sum up, CuO-NiO nanocomposite is champion semiconductor in terms of getting the
highest VOC with both P1 and PMI-6T-TPA dyes. Table 7-9 compares recorded VOCs obtained
by p-DSSCs with commercial NiO and CuO-NiO nanocomposite.
Table 7-9: Average and maximum VOCs obtained by p-DSSCs with commercial NiO and CuO-NiO nanocomposite.

P1

Dye

PMI-6T-TPA
NiO

84

CuO-NiO
Nanocomposite
124

318

CuO-NiO
Nanocomposite
320

110

160

320

360

Semiconductor

NiO

Ave. VOC (mV)
Max. VOC (mV)

All p-type semiconductors (including CuInO2, CuMnO2, CuO-NiO nanocomposite, Cu3Mn3O8
and Cu2NiMn3O8) synthesized during this research project had valence band edge deeper than
that of NiO. Using CuO-NiO nanocomposite and Cu3Mn3O8 semiconductors with dye P1
leaded to increased VOC in comparison to p-DSSCs with commercial NiO-P1 as photocathode.
In terms of devices with PMI-6T-TPA dye, using CuO-NiO nanocomposite and CuInO2
resulted in larger maximum VOC than that of commercial NiO (360 mV vs. 330 mV).
All five semiconductors synthesized in this project can be promising candidates as alternatives
to NiO to reach higher VOCs in future research. As such, two key recommendations for future
research, would be to try to synthesise semiconductors with greater porosity, for increasing dye
loading, and also using a dye with HOMO level of -6.4 (vs vacuum) (or deeper) for more charge
injection.
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